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INTRODUCTION 


Prostate  cancer  is  the  most  common  malignancy  and  second  leading  cause  of  cancer-related 
deaths  in  American  men.  Most  patients  with  prostate  cancer  initially  respond  to  androgen 
ablation  therapy  but  ultimately  progress  to  androgen  resistance.  Although  patients  with  hormone- 
refractory  prostate  cancer  are  usually  treated  with  taxane  anti-cancer  drugs  such  as  docetaxel  and 
paclitaxel,  which  have  been  shown  to  improve  the  survival  of  patients,  most  patients  eventually 
develop  drug  resistance.  Understanding  the  mechanisms  by  which  tumors  become  resistant  to 
taxane  is  key  to  identifying  new  drugs  or  combination  regimens.  Prohibitin  1  (PHB1)  was 
recently  identified  as  a  protein  that  is  both  upregulated  and  relocalizes  to  the  plasma  membrane 
in  taxane-resistant  non-small  cell  lung  cancer  cells.  Importantly,  PHB1  silencing  resensitized 
taxane-resistant  cells  to  paclitaxel  treatment  both  in  vitro  and  in  vivo.  I  propose  that  the  amount 
and  localization  of  this  protein  in  human  prostate  cancer  may  be  used  as  a  tool  for  the 
identification  of  taxane-resistant  prostate  cancers.  In  this  study,  my  goals  are  to  develop  the  use 
of  PHB 1  as  a  biomarker  for  taxane  resistance  in  prostate  cancer  and  to  reveal  the  complexity  of 
prohibitin-induced  cellular  response,  including  the  role  of  prohibitin  in  the  regulation  of  taxane- 
resistant  prostate  cancer. 

KEY  WORDS:  Provide  a  brief  list  of  keywords  (limit  to  20  words). 

Prohibitin  1,  prostate  cancer,  chemoresistance,  apoptosis,  X- linked  inhibitor  of  apoptosis  protein 
(XI AP),  interactome 
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ACCOMPLISHMENTS: 


•  What  were  the  major  goals  of  the  project? 

The  major  project  goals  of  the  previous  year  were:  to  investigate  whether  the  expression  and 
localization  of  Prohibitin  1  (PHB1)  correlates  with  taxane  resistance  in  prostate  cancer  cells,  to 
identify  and  characterize  the  PHB1  interactome,  and  to  investigate  the  role  of  PHB1  in  the 
apoptosis  pathway  and  chemoresistance. 

•  What  was  accomplished  under  these  goals? 

I  believe  that  I  have  been  successful  in  completing  both  the  training-specific  and  research- 
specific  tasks  and  in  addressing  each  of  the  previous  aims.  My  progress  is  summarized  below: 

1)  Major  activities 

In  the  past  year,  I  have  completed  the  following  tasks  related  to  training  and  educational 
development  in  prostate  cancer  research: 

a)  Attended  the  Massachusetts  General  Hospital/Steele  Lab’s  29th  Annual  Tumor  Course, 
September  29  -  October  2,  2014;  Cambridge,  MA; 

b)  Presented  research  at  departmental,  bi-weekly  cancer  research  group  meetings; 

c)  Participated  in  research  seminars,  basic  science  journal  club  meetings,  job  talk  practices 
and  scientific  writing  lessons  organized  by  the  Office  of  Fellowship  Training  (OFT)  at 
Boston  Children’s  Hospital; 

d)  Attended  and  presented  my  work  at  the  American  Association  of  Cancer  Research 
(AACR)  Annual  Meeting,  April  18-22,  2015,  Philadelphia,  PA; 

e)  Attended  and  presented  my  work  at  Boston  Children’s  Hospital’s  Dr.  Judah  Folkman 
Research  Day,  May  13,  2015,  Boston,  MA. 

In  the  past  year,  I  have  identified  the  PHB1  interactome,  both  in  the  mitochondria  and  the  plasma 
membrane.  My  work  has  further  demonstrated  that  PHB 1  binds  to  XIAP  and  that  this  interaction 
modulates  the  apoptosis  pathway.  The  results  support  the  following  conclusions: 

a)  Unbiased  proteomics  reveal  that  XIAP  binds  to  PHB  1 ; 

b)  IP-western  and  in  vitro  pull-down  assay  analysis  confirm  a  direct  interaction; 

c)  Mapping  results  show  that  PHB  1  preferentially  binds  to  the  XIAP-BIR3  domain; 

d)  siRNA-mediated  knockdown  of  PHB1  increases  cleavage  of  XIAP  following 
chemotherapeutic  reagent  treatment,  resulting  in  increased  apoptosis; 

e)  Silencing  XIAP  phenocopies  PHB1  silencing  with  respect  to  sensitizing  cells  to 
chemotherapeutic  reagent-mediated  cell  death. 

2)  Specific  objectives 

Specific  objectives  include:  a)  To  investigate  whether  the  expression  and  localization  of  PHB  1 
correlates  with  taxane  resistance  in  prostate  cancer  cells;  b)  To  identify  the  PHB1  interactome 
and  to  validate  specific  interactions  between  PHB  and  XIAP. 

3)  Significant  results 

Specific  Aim  1 :  To  investigate  the  role  of  prohibitin  in  taxane- res  is  taut  prostate  cancer 
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1A:  To  investigate  PHB1  expression  and  cell  surface  targeting  in  our  in  vitro  and  in  vivo  selected 
spontaneous  taxane -resistant  prostate  cancer  cell  lines 

To  see  whether  the  amount  and  localization  of  PHB1  correlates  with  taxane-resistance  in  prostate 
cancer,  I  performed  subcellular  fractionation  followed  by  western  blot  analysis,  to  compare  the 
subcellular  expression  of  PHB1  in  between  taxane -resistant  and  taxane-sensitive  cells.  I  also  did 
immunofluorescence  staining  followed  by  confocal  microscopy  analysis  to  compare  PHB1 
expression  and  localization  in  pairs  of  both  permeabilized  and  non-permeabilized  taxane- 
sensitive  and  taxane-resistant  cells.  These  include  the  prostate  cancer  cells,  PC-3  and  PC-3-TR 
(taxane -resistant),  and  DU  145  and  DU145-TR.  I  found  that  PHB1  is  overexpressed  in  the  plasma 
membrane  in  prostate  cancer  cells  PC-3-TR  (Figure  1). 


Figure  1 
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Figure  1:  A)  Western  blot  of  PHB1  levels 
after  siPHBl  treatment  in  PC3  and  PC3- 
TR  cells.  B)  membrane  PHB1  expression 
in  PC3  and  PC3-TR  cells.  C)  Subcellular 
fractionation  followed  by  western  blot 
analysis  the  level  of  PHB 1 . 
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IB:  To  modify  the  expression  and  localization  of  PHBl  and  investigate  its  effect  on  taxane- 
resistance 

In  this  study,  I  used  siRNA  specific  to  PHBl  to  knock  down  PHBl  levels  in  prostate  cancer  cell 
lines  (PC-3-TR,  DU145-TR)  to  see  whether  prohibitin  silencing  would  restore  taxane  sensitivity 
or  not.  I  found  that  silencing  of  PHBl  sensitized  PC-3-TR  cells  to  paclitaxel  treatment,  which  is 
similar  to  the  effect  of  Bcl-2  silencing  (Figure  2).  More  importantly,  I  found  that  PHBl  silencing 
promotes  the  activation  of  the  cell  apoptosis  pathway  in  both  PC-3  and  PC-3-TR  cells  (Figure  3), 
including  activation  of  PARP  and  increasing  release  of  cytochrome  C  to  cytosol. 

Figure  2 
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Figure  2:  A)  Western  blot  of  PHBl  and  Bcl-2  levels  after  siPHBl  treatment  in  PC3  and  PC3-TR  cells.  B) 
Silencing  PHBl  or  Bcl-2  reduced  cell  viability  analyzed  with  CyQUANT  assay. 
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Figure  3 
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Figure  3:  A)  Western  blot  analysis  of  apoptosis  pathway  after  PHB1  silencing  in  PC3  and  PC3-TR  cells.  B) 
Increasing  release  of  cytochrome  C  after  PHB1  silencing  followed  by  Taxol  treatment. 


In  our  previous  study,  I  found  that  PHB1  is  upregulated  and  also  relocalizes  to  the  plasma 
membrane  in  taxane-resistant  lung  cancer  cells.  I  hypothesize  that  PHB1  may  confer  resistance 
to  paclitaxel  by  increased  accumulation  on  the  cell  surface.  To  test  this  hypothesis,  I  subcloned 
PHB1  into  HA  tagged-pDisplay  plasmid  (pDisplay-PHB-HA)  to  specifically  express  PHB1  on 
the  plasma  membrane  of  taxane-sensitive  cancer  cells.  Then,  I  tested  whether  overexpression  of 
PHB  on  the  cell  surface  confers  chemoresistance.  My  preliminary  results  showed  that  transient 
transfection  of  pDisplay-PHBl-HA  does  drive  the  expression  of  PHB  1  on  the  plasma  membrane; 
however,  it  does  not  confer  resistance  towards  paclitaxel  (data  not  shown).  Stable  expression  of 
PHB1  in  the  plasma  membrane  may  be  needed  for  further  examination.  Another  possibility  of 
how  PHB1  may  confer  taxane-resistance  may  be  the  ratio  of  PHB1  in  different  subcellular 
localizations,  such  as  mitochondria/cytosol  vs.  plasma  membrane. 

Specific  Aim  2:  To  identify  and  validate  the  Prohibitin  1  interactome 

2 A:  To  validate  the  interaction  of  PHB  1  and  XI AP  and  map  the  relevant  binding  domains 
To  gain  a  greater  understanding  of  the  mechanism  of  PHB  1  action  in  cellular  processes,  I  sought 
to  identify  members  of  the  PHB1  interactome.  The  identity  of  potential  PHB  1 -interacting 
proteins  was  determined  by  immunoprecipitation  of  PHB  1  followed  by  mass  spectrometry-based 
proteomic  analysis.  HEK293  (Human  Embryonic  Kidney  293)  cells  were  transiently  transfected 
with  pHAGE  vector  specifying  PHB1  tagged  with  HA  (hemagglutinin)  at  the  C-terminus.  I 
found  that  PHB  1 -HA  was  predominantly,  but  not  solely,  expressed  in  mitochondria,  consistent 
with  previous  findings  (Figure  4A).  The  PHB1  interaction  network  determined  by  our 
experiments  (Figure  4B)  includes  several  known  PHB  1 -binding  proteins,  such  as  PHB2  and 
RAF1,  providing  internal  validation  of  the  approach.  The  screen  further  identified  several  novel 
PHB  1 -interacting  proteins,  including  the  serine  beta-lactamase-like  protein  LACTB,  the 
mitochondrial  carbamoyl  phosphate  synthase  1  (CPS1),  the  mitochondrial  ras  family  GTPases 
Rho  T1  and  T2,  as  well  as  the  apoptosis  inhibitor  XIAP.  IP-MS  results  in  experiments  with 
HCT116  human  colon  cancer  cells  also  revealed  strong  interaction  of  PHB1  with  XIAP  and 
PHB2.  Many  of  the  PHB  1 -interacting  proteins  participate  in  cellular  functions  consistent  with 
previously  known  roles  of  PHB  1,  including  apoptosis,  mitochondrial  homeostasis,  the  unfolded 
protein  response  and  signal  transduction.  Identification  of  XIAP,  a  well-characterized  anti- 
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apoptosis  factor,  as  a  PHB1  interactor  suggests  that  this  interaction  may  mediate  the  known  but 
heretofore  unexplained  effects  of  PHB1  on  apoptosis  and  chemoresistance. 

To  validate  the  interaction  between  PHB1  and  XIAP,  HEK293  cells  were  transfected  with 
PHB1-HA  and  lysates  were  subjected  to  IP  with  anti-HA  agarose  and  subsequently  analyzed  by 
western  blotting  using  antibodies  to  PHB1  or  to  XIAP.  Figure  4C  reveals  the  presence  of  XIAP 
in  the  PHB1  immunoprecipitate;  the  presence  of  PHB2  served  as  positive  control.  Experiments 
with  His-V5-PHB1  did  not  demonstrate  significant  interactions  between  PHB1  and  other  IAP 
family  members,  including  c-IAPl,  C-IAP2  and  survivin  (Figure  4D).  More  importantly,  my 
experiments  showed  that  XIAP  interacts  with  endogenous  PHB 1  in  both  PC3  cells  and  Mes-Sa 
uterine  sarcoma  cells  (Figure  4E).  To  investigate  whether  the  binding  between  PHB1  and  XIAP 
is  direct  or  indirect,  I  performed  an  in  vitro  binding  assay  using  recombinant  6XHis-XIAP  and 
GST-PHB1.  GST  pull-down  assays  revealed  that  these  two  proteins  were  able  to  bind  directly  in 
vitro  (Figure  4F).  Together,  these  results  indicate  that  PHB1  binds  directly  to  XIAP,  both  in  vivo 
and  in  vitro. 


Figure  4 
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Figure  4: 

A)  Immunofluorescence 
assay  of  HEK293T  cells  with 
anti-HA  (red)  and  anti- 
COXIV  (green)  antibodies. 
The  nucleus  is  stained  with 
DAPI  (blue).  Scale  bar, 
20um.  B)  IP-MS -CompPASS 
analysis  of  PHB  1  -HA 
interacting  proteins  in 
HEK293  cells.  C)  Co-IP  of 
PHB1  and  XIAP.  Lysates  of 
HEK293  transfected  with 
PHB  1 -HA  were  subjected  to 
HA  agarose 

immunoprecipitation 
followed  by  Western 
blotting.  D)  IP  of  His-V5- 
PHB1  with  V5  agarose  in 
HEK293  cells. 

Immunoprecipitates  were 
subjected  to  Western  blotting 
using  anti-IAP  family 
antibodies.  E)  Co-IP  of 
endogenous  PHB  1  and  XIAP 
in  Mes-Sa  cells.  F )In  vitro 
GST-pull  down.  Direct 
binding  of  PHB  1  to  XIAP  is 
shown  in  an  in  vitro  assay 
using  GST-PHB1  and 
purified  recombinant  His- 
XIAP  protein.  GST  protein 
served  as  a  negative  control. 


I  next  sought  to  determine  the  specific  XIAP  domain  to  which  PHB1  binds.  XIAP  contains  three 
BIR  domains.  BIR1  directly  interacts  with  TAB1  to  induce  NF-kappaB  activation.  BIR2 
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mediates  binding  of  XIAP  to  downstream  effector  caspases  (caspases-3  and  -7),  whereas  BIR3 
binds  to  an  upstream  initiator  caspase  (caspase-9).  BIR3  also  mediates  binding  to  functional 
XIAP  antagonists  such  as  DIABLO,  ARTS  and  HtrA2/Omi.  The  RING  domain  of  XIAP,  which 
is  adjacent  to  the  BIR3  domain,  demonstrates  E3  ubiquitin  ligase  activity  and  enables  IAPs  to 
catalyze  ubiquitination  of  substrate  proteins,  including  themselves  as  well  as  other  interactors.  To 
identify  the  binding  domain  for  PHB1  within  XIAP,  I  performed  co-immunoprecipitation  (Co- 
IP)  assays  with  His-V5-tagged  PHB1  and  different  HA-tagged  XIAP  expression  constructs 
including  full-length  XIAP,  XIAPABIR,  XIAP  BIR1-2  and  XIAP  BIR2-3.  The  results  indicated 
that  PHB1  binds  to  full-length  XIAP  as  well  as  to  the  XIAP  BIR2-3  domain  (Figure  5 A).  To 
more  clearly  define  the  PHB 1  binding  domain  on  XIAP,  I  utilized  Co-IP  assays  to  measure  HA- 
tagged  PHB1  binding  to  different  GST-tagged  XIAP  expression  constructs  (full-length  XIAP, 
XIAP  BIR1,  BIR2  and  BIR3).  These  studies  revealed  that  PHB1  binds  principally  to  the  BIR3 
domain  of  XIAP  (Figure  5B).  I  also  observed  a  weak  binding  of  PHB1  to  the  XIAP  BIR2 
domain.  Thus,  the  principal  PHB1  interaction  site  on  XIAP  appears  to  reside  in  the  BIR3 
domain. 
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Figure  5:  Immunoprecipitation 
assay.  A)  HEK293  cells  were 
transiently  transfected  with  the 
His-V5-PHB1  construct  along 
with  HA-tagged-XIAP-full-length 
(FL)  and  XIAP  mutation 
constructs:  HA-XIAP-FL,  HA- 
XIAP-BIRA,  HA-XIAP-BIR 1  -2 
and  HA-XIAP-BIR2-3 .  B) 
HEK293  cells  were  transiently 
transfected  with  PHB  1 -HA  along 
with  GST-tagged-XIAP-full- 
length  (FL)  and  XIAP  mutation 
constructs  (GST-XIAP-BIR1, 
GST-XIAP-BIR2  and  GST- 
XIAP-BIR3). 


2B:  To  examine  the  cellular  localization  of  PHB  1,  XIAP  and  the  PHB1/XIAP  complex 
PHB1  is  known  to  occupy  multiple  intracellular  locales.  To  investigate  the  regions  where  PHB1 
and  XIAP  are  co-localized,  we  performed  immunofluorescence  double-labeling  of  cells  with 
anti-PHBl  and  anti-XIAP  antibodies.  In  both  Mes-Sa  and  PC3  cells,  XIAP  was  localized 
primarily  to  the  cytoplasm.  PHB1  was  detected  predominantly  in  the  mitochondria,  although 
some  cytoplasmic  staining  was  apparent  (Figure  6A).  When  cells  were  treated  with  paclitaxel  to 
induce  apoptosis,  XIAP  staining  increased  and  showed  co-localization  with  cytoplasmic  PHB1 
(Figure  6B).  Subcellular  fractionation  followed  by  western  blotting  showed  that  after  treatment 
with  paclitaxel,  PHB  1  levels  were  significantly  elevated,  both  in  the  mitochondria  and  cytosolic 
fraction  (Figure  6C).  These  results  are  consistent  with  the  co-localization  of  cytoplasmic  XIAP 
with  cytoplasmic  PHB1  and  suggests  that  PHB1  may  be  involved  in  the  XIAP  regulated 
apoptotic  pathway.  I  am  examining  the  co-localization  of  PHB  1  and  XIAP  in  prostate  cancer 
now. 
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Figure  6 
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Figure  6:  A)  Immunofluorescence  assay  of  PC3  cells  with  anti-PHBl  (green)  and  anti-COXIV  (red) 
antibodies.  The  nucleus  is  stained  with  DAPI  (blue).  B)  Immunofluorescence  of  Mes-Sa  cells  stained  with 
anti-PHBl  (green)  and  anti-XIAP  (red)  antibodies.  The  nucleus  is  stained  with  DAPI  (blue).  Left  panel: 
untreated  cells;  Right  panel:  cells  treated  with  500nM  paclitaxel  for  16  hrs.  Scale  bar,  20um.  C)  Mes-Sa  cells 
were  treated  with  vehicle  or  with  500nM  paclitaxel  followed  by  subcellular  fractionation.  An  antibody  against 
the  cytochrome  C  oxidase  subunit  IV  (COX  IV)  was  used  as  a  mitochondrial  marker,  and  P-actin  was  used  as 
a  cytosolic  marker. 

2C:  To  investigate  the  effect  of  PHB1  on  the  apoptosis  pathway 

To  confirm  the  involvement  of  PHB1  in  apoptosis  in  the  cells  used  in  these  studies,  I  silenced 
PHB1  in  Mes-Sa  cells  using  PHBl-specific  siRNA  followed  by  paclitaxel  treatment  to  induce 
apoptosis.  By  flow  cytometry  analysis  for  Annexin-V,  a  marker  of  apoptosis,  and  7-AAD,  a 
marker  of  necrosis,  I  found  that  PHB1  silencing  sensitized  cells  to  paclitaxel-induced  apoptosis 
(Figure  7A).  The  frequency  of  apoptosis,  as  demonstrated  by  the  percentage  of  Annexin-V 
positive  cells,  increased  markedly  to  55.3%  in  cells  treated  with  siPHBl  relative  to  24.4%  of 
siControl  in  the  paclitaxel-treated  cells.  Early-stage  apoptosis,  marked  by  Annexin  V-positive 
and  7-ADD-negative  cells,  also  increased  from  10.7%  in  controls  to  24.9%  in  the  paclitaxel- 
treated  siPHBl  cells.  Similar  effects  were  observed  when  Mes-Sa  cells  were  treated  with 
staurosporine  (STS),  an  apoptosis  inducer  (data  not  shown).  One  possible  mechanism  for 
PHBl’s  anti-apoptotic  activity  is  through  protection  of  XIAP  function.  This  could  occur  if,  for 
example,  PHB1  competed  with  binding  of  an  XIAP  antagonist  such  as  DIABLO.  If  this  were  the 
case,  PHB1  silencing  should  result  in  increased  levels  of  the  XIAP-DIABLO  complex.  My 
results,  however,  showed  decreased  levels  of  XIAP-DIABLO  interaction  after  PHB 1  silencing 
(Figure  8),  suggesting  that  PHB1  regulates  XIAP  functionality  via  other  mechanisms.  In  this 
experiment,  I  noticed  that  the  levels  of  full-length  XIAP  were  modestly  decreased  after  PHB1 
silencing,  suggesting  a  potential  effect  of  PHB  1  on  XIAP  cleavage  or  degradation. 

It  was  shown  previously  that  XIAP  cleavage  by  caspases  occurs  at  aspartic  acid-242,  which  lies 
between  the  BIR2  and  BIR3  domains.  The  resulting  BIR1-2  cleavage  product  is  degraded,  while 
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the  BIR3-RING  domain  product  acts  as  a  part  of  a  positive  feedback  loop  to  increase  apoptosis.  I 
speculated  that  PHB1  binding  to  the  XIAP-BIR3  domain  may  interfere  with  caspase-mediated 
XIAP  cleavage.  Both  sicontrol  (siCon)  and  siPHBl  treated  Mes-Sa  cells  were  treated  with 
paclitaxel  to  induce  apoptosis,  and  levels  of  XIAP  and  its  downstream  effectors  were  measured. 
Western  blotting  showed  that  PHB1  silencing  leads  to  generation  of  a  30KDa  cleaved-XIAP 
BIR3-RING  domain,  which  results  in  enhanced  caspase-3  processing  into  the  catalytically  active 
pl7  fragment  (cleaved  caspase-3)  and  a  consequent  increase  in  cleaved  PARP  (poly  ADP  ribose 
polymerase),  especially  when  paclitaxel  is  added  (Figure  7B).  This  result  suggests  that  the  red 
fluorescent  staining  observed  in  paclitaxel-treated  cells  in  Figure  6B  likely  represents  both  full- 
length  and  cleaved  XIAP,  as  both  would  be  recognized  by  antibody  to  the  XIAP  C-terminus. 
Moreover,  caspase-3/7  activity,  as  measured  by  Caspase-Glo  assay,  revealed  that  PHB 1  silencing 
increased  activation  of  caspase-3/7  following  paclitaxel  treatment  (Figure  7C)  (*/?<0.05; 
***/?<0.001).  These  findings  are  consistent  with  a  role  for  PHB1  as  an  inhibitor  of  apoptosis  and 
were  verified  further  in  prostate  cancer  cell  lines  (Figure  3).  This  study  shows  that,  in  contrast  to 
the  IBM  protein  family  that  antagonizes  IAP  action,  PHB1  protects  XIAP  function  by 
diminishing  caspase-mediated  XIAP  cleavage.  PHB1  was  previously  described  as  a  chaperone 
for  mitochondrial  proteins.  My  results  suggest  a  similar  role  for  PHB1  in  protecting  cytoplasmic 
XIAP. 


Figure  7 
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Figure  7:  A)  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBl  for  2  days,  followed  by  paclitaxel  (250nM) 
treatment  for  24  hours.  Results  of  flow  cytometry  analysis  of  apoptosis  induction  are  presented  in  quadrants. 

B)  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBl  for  2  days,  followed  by  paclitaxel  treatment  for  24 
hours.  Western  blotting  of  Mes-Sa  cell  lysates  after  treatment  with  250nM  paclitaxel  for  24  hours.  C)  Caspase 
3/7  activitv  after  PHB1  silencing  in  Mes-Sa  cells.  *£><0.05:  ***£><0.001.  Error  bars  are  SDs. 

2D:  To  investigate  whether  PHB1  regulates  apoptosis  through  its  interaction  with  XIAP 
I  next  investigated  whether  silencing  of  PHB  1  and  XIAP  have  similar  functionality.  PHB  1  or 
XIAP  were  silenced  in  Mes-Sa  cells,  and  the  cells  were  then  treated  with  paclitaxel.  Figure  9A 
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shows  successful  knockdown  of  PHB1  and  XIAP  by  specific  siRNAs.  I  found  that  silencing 
either  PHB1  or  XIAP  increased  cell  killing  by  paclitaxel  (Figure  9B). 


Figure  8 
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Figure  8:  Silencing  of  PHB1  decreases  interaction  of  XIAP 
with  DIABLO.  OVCAR5  cells  were  transfected  with  siCon 
or  siPHBl  for  2  days  followed  by  paclitaxel  treatment  for 
24h.  Immunoprecipitation  assays  with  anti-DIABLO 
antibody  and  agarose  beads,  followed  by  Western  blotting  of 
DIABLO  and  XIAP  antibodies. 
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Figure  9:  Effect  of  silencing  PHB1  or  XIAP  on  cancer  cell 
sensitivity  to  paclitaxel.  a)  Mes-Sa  cells  were  transfected 
with  siCon,  siPHBl  or  siXIAP  for  2  days,  followed  by 
paclitaxel  treatment  for  24  hours.  Western  blotting  assessed 
the  efficiency  of  PHB1  and  XIAP  knockdown.  B)  cell 
viability  of  siCon,  siPHBl  and  siXIAP-transfected  cells 
under  paclitaxel  treatment  was  determined  by  CyQUANT 
cell  viability  assay  in  three  independent  experiments; 
*^><0.05;  **£><0.01.  Error  bars  are  SDs. 


In  a  previous  study,  we  found  that  PHB1  is  an  important  modulator  of  taxane  resistance  in  non¬ 
small  cell  lung  cancer  (NSCLC)  cells.  In  that  report,  silencing  of  PHB1  resensitized  taxane- 
resistant  cancer  cells  to  paclitaxel  treatment.  I  therefore  investigated  whether  XIAP  silencing 
mimics  the  effect  of  PHB 1  silencing  on  chemoresistance  to  taxanes.  In  paclitaxel-resistant  PC-3 
(PC-3TR)  prostate  cancer  cells,  which  have  elevated  PHB1  levels  relative  to  parental  PC-3  cells, 
sensitization  to  paclitaxel  was  restored  by  silencing  with  either  siPHBl  or  siXIAP  (Figures  10A 
and  10B).  Western  blot  analysis  further  showed  that  silencing  PHB1  in  paclitaxel-treated  PC- 
3TR  cells  leads  to  diminished  levels  of  XIAP,  enhanced  activation  of  caspase-3  (cleaved 
caspase-3)  and  increased  PARP  cleavage  relative  to  siControl  treated  cells  (Figure  10C).  Next,  I 
investigated  whether  overexpression  of  XIAP  can  rescue  the  apoptotic  phenotype  caused  by 
PHB1.  I  found  that  overexpression  of  XIAP  in  PHB  1 -silenced  cells  partially  rescued  the  cell 
death  caused  by  siPHBl.  In  this  experiment,  PHB1  silencing  resulted  in  a  dramatic  reduction  of 
His-V5-XIAP  protein  compared  to  siControl-treated  cells  (Figure  1 1  A).  The  level  of  His-V5- 
XIAP  was  restored  in  PHB  1 -silenced  cells  by  treatment  with  proteasome  inhibitor  MG  132. 
Together,  these  results  suggest  that  XIAP  is  protected  from  proteasomal  degradation  in  the 
presence  of  PHB  1  (Figure  11B). 
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Figure  10:  Silencing  of  PHB1  or 
XIAP  restores  chemo sensitivity  in 
taxane-resistant  prostate  cancer 
cells.  A)  PC3  and  PC3-TR  cells 
were  treated  with  different 
concentrations  of  paclitaxel  for  3 
days,  followed  by  cell  viability 
measurement  using  CyQUANT 
assay.  B)  PC3  and  PC3-TR  cells 
were  transfected  with  siCon, 
siPHBI  or  siXIAP  for  2  days, 
followed  by  paclitaxel  treatment 
for  3  days.  Cell  number  was 
determined  by  CyQUANT  cell 
viability  assay  in  three 
independent  experiments; 

**£><0.01;  ***£><0.001.  Error  bars 
are  SDs.  C)PC-3-TR  cells  were 
transfected  with  siCon  or  siPHB  1 
for  2  days,  followed  by  paclitaxel 
treatment  for  24  hours.  Left 
panel:  Western  blotting;  Right 
panel:  graph  depicts  densitometric 
quantification  of  the  blot  on  the 
left. 
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Figure  11 


Figure  11:  A)  HEK293  cells  were  transfected  with  siCon,  siCon+His-V5-XIAP,  siPHBI,  or  siPHB  1+His- 
V5-XIAP  for  2  days,  followed  by  paclitaxel  treatment.  Left  panel:  cell  viability  was  measured  3  days  after 
treatment  using  CyQUANT  assay.  *£><0.05;  **£><0.01.  Error  bars  are  SDs.  Right  panel:  lysates  of  His-V5- 
XIAP-transfected  cells  were  subjected  to  Western  blotting.  B)  In  HEK293  cells,  His-V5-XIAP  was  co¬ 
transfected  with  siCon  or  siPHBI  for  2  days,  followed  by  MG132  (lOuM)  treatment  for  4  hours  or  24  hours. 
Cell  lysates  were  subjected  to  Western  blotting. 
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4)  Other  achievement 


PHB1  and  PHB2  bind  to  each  other  and  form  a  complex  that  is  anchored  in  the  mitochondrial 
inner  membrane  (IM).  Furthermore,  PHB1  and  PHB2  subunits  are  interdependent  in  various 
organisms,  since  depletion  of  either  PHB1  or  PHB2  does  not  affect  the  expression  of  the  other, 
but  results  in  its  degradation  and  therefore  the  absence  of  the  complex.  Therefore,  I  am  interested 
in  exploring  the  biological  role  of  the  PHB  complex  in  prostate  cancer  and  chemoresistance.  To 
do  that,  I  have  started  to  build  the  networks  of  the  PHB  complex  using  IP-MS  interactome 
proteomics  analysis  (Figure  12). 


Figure  12 


Figure  12:  Workflow  of  construction 
of  PHB  complex  network. 


What  opportunities  for  training  and  professional  development  has  the  project  provided? 

This  project  has  provided  me  with  the  opportunity  to  attend  the  American  Association  of  Cancer 
Research  (AACR)  Annual  Meeting  in  April  2015  and  to  present  my  work  at  a  poster  section. 
More  importantly,  based  on  the  quality  of  my  abstract  submitted  for  presentation  at  the  2015 
AACR  Annual  Meeting,  I  was  selected  to  receive  an  AACR-Millennium  Pharmaceuticals,  Inc. 
Scholar-in-Training  Award.  Later  on,  an  abstract  of  the  same  work  was  selected  as  a  poster 
presentation  for  Boston  Children’s  Hospital’s  Dr.  Judah  Folkman  Research  Day,  May  13,  2015. 

•  How  were  the  results  disseminated  to  communities  of  interest? 

As  this  project  comprehensively  dissected  the  mechanism  of  PHB  1  in  regulation  of  apoptosis 
and  chemoresistance,  I  had  the  chance  to  collaborate  with  other  groups  to  further  validate  PHB1 
as  a  potential  target  for  cancer  treatment.  1)  In  collaboration  with  Dr.  Wistuba  of  MD  Anderson, 

I  examined  PHB1  expression  in  465  patients  with  non-small  cell  lung  cancer  (NSCLC).  2)  A 
similar  collaboration  is  ongoing  with  Dr.  Sood  of  MD  Anderson  to  look  at  PHB1  expression  in 
ovarian  cancer  patients.  3)  Moreover,  Dr.  Shi  in  the  Laboratory  of  Nanomedicine  and 
Biomaterials  at  Brigham  and  Women’s  Hospital  developed  novel  nanoparticles  to  deliver  siRNA 
to  target  PHB1  and  found  that  siPHBl  inhibits  tumor  growth  in  the  NSCLC  xenograft  model.  I 
am  planning  to  employ  these  nanoparticles  in  the  treatment  of  prostate  cancer.  4)  Recently,  Dr. 
Laurent  Desaubry  of  the  University  Strasbourg  sent  me  his  synthesized  flavaglines  (FL3,  FL23, 
FL40),  potent  anti-cancer  reagents  that  directly  target  both  PHB1  and  PHB2. 1  am  planning  to 
test  the  therapeutic  efficacy  of  flavaglines  in  the  treatment  of  chemoresistant  and  metastatic 
prostate  cancer  as  well. 

•  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

During  the  next  reporting  period,  I  will  further  investigate  the  mechanisms  of  how  PHB1 
regulates  prostate  cancer  chemoresistance  through  its  interaction  with  specific  proteins, 
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determine  whether  PHB 1  is  widely  overexpressed  in  human  prostate  cancer  compared  to  normal 
surrounding  tissue,  and  determine  whether  PHB  1  expression  or  localization  predicts  response  to 
chemotherapy. 
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IMPACT: 

•  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the 
project? 

The  research  proposed  here  addresses  the  overarching  challenge  to  develop  effective  treatments 
for  advanced  prostate  cancer  (i.e.,  disease  relapse  with  no  available  curative  therapy)  and  the 
focus  area  of  therapy;  including  the  identification  of  new  biomarkers/targets  and  pathways,  and 
understanding  the  mechanisms  of  chemoresistance. 

This  study  could  significantly  impact  the  treatment  of  castrate-resistant  prostate  cancer  patients 
who  are  candidates  for  taxane  treatment.  In  Aim  1,  I  showed  that  prohibitin  expression  or 
localization  correlates  with  taxane  resistance  in  prostate  cancer  cells.  After  further  examination 
of  the  expression  of  PHB1  in  prostate  cancer  patient  samples,  I  will  identify  a  candidate 
biomarker  for  acquisition  of  the  taxane-resistant  phenotype,  as  well  as  a  cell-surface  epitope  that 
could  be  used  to  target  therapeutic  agents  specifically  to  taxane-resistant  tumor  cells.  In  Aim  2, 1 
identified  the  prohibitin  interactome  and  detailed  dissected  the  role  of  PHB1-XIAP  interaction, 
which  will  allow  us  to  better  understand  the  regulatory  mechanisms  involved  in  post- 
translational  modifications  of  PHB1,  its  translocation  to  different  cellular  compartments,  and  its 
functional  relevance.  More  importantly,  the  identification  of  the  change  in  prohibitin  interactors 
with  the  development  of  taxane  resistance  will  bring  new  insight  into  the  mechanism  of  taxane- 
resistant  prostate  cancer  and  will  provide  novel  potential  therapeutic  targets  (such  as  XIAP)  for 
the  development  of  agents  that  can  extend  sensitivity  to  taxanes  or  be  effective  in  patients 
already  resistant  to  taxane  therapy. 

•  What  was  the  impact  on  other  disciplines? 

In  this  study,  I  not  only  dissected  the  mechanism  of  some  known  functions  of  PHB1,  such  as  its 
anti-apoptotic  function,  but  also  discovered  novel  functions  of  PHB 1 ,  such  as  its  role  in 
regulating  the  mTOR  pathway.  Given  the  fact  that  PHB  1  and  PHB2  exist  interdependently  in 
cells,  my  ongoing  work  on  the  construction  of  a  PHB  complex  network  will  help  us  to  further 
understand  how  these  two  proteins  work  as  a  complex  and  to  explore  their  new  functions.  Since 
no  work  has  been  conducted  to  study  PHB’s  function  as  a  complex,  I  believe  that  this  work  will 
input  some  basic  knowledge  of  the  PHB  complex  as  well  as  the  SPFH  (Stomatin,  Prohibitin, 
Flotillin  and  HflK/C)  family,  to  which  PHB1  and  PHB2  belong. 

•  What  was  the  impact  on  technology  transfer? 

Given  the  importance  of  prohibitin’s  function  in  the  regulation  of  apoptosis  and  chemoresistance, 
I  am  exploring  the  in  vivo  validation  of  PHB  1  targeting  in  cancer  treatment.  In  collaboration  with 
Dr.  Shi  in  the  Laboratory  of  Nanomedicine  and  Biomaterials  at  Brigham  and  Women’s  Hospital, 
I  am  testing  the  systemic  delivery  of  small  interfering  RNA  (siRNA)  targeting  PHB1  in 
treatment  of  non-small  cell  lung  cancer  (NSCLC)  using  a  nanoparticle  (NP)  platform.  The  lipid- 
polymer  hybrid  small  interfering  RNA  (siRNA)  NP  is  developed  through  a  self-assembly 
approach  and  has  a  unique  nanostructure  comprising  a  cationic  lipid/siRNA  complex-containing 
poly(D,l-lactide-co-glycolide)  (PLGA)  polymer  core  and  a  lecithin/lipid-PEG  shell.  This  hybrid 
NP  is  much  smaller  (<100  nm)  and  exhibits  promising  in  vivo  features  for  systemic  siRNA 
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delivery,  including  long  circulation,  high  tumor  accumulation,  effective  gene  silencing,  and 
modest  side  effects.  I  found  that  NP  (siPHBl)  knocked  down  the  level  of  PHB1  more  than  75% 
relative  to  NP(siControl),  which  greatly  increased  tumor  cell  apoptosis  and  resulted  in  the 
significant  reduction  of  tumor  growth  of  the  NSCLC  NCI-H460  xenograft  model.  Dr.Shi’s  lab 
will  remain  in  close  collaboration  with  our  lab  to  further  investigate  the  therapeutic  efficacy  of 
this  NP  platform  in  chemoresistant  prostate  cancer  models. 

Moreover,  Dr.  Laurent  Desaubry  from  the  University  Strasbourg  has  sent  me  his  laboratory’s 
synthesized  flavaglines  (FL3,  FL23,  FL40),  potent  anti-cancer  reagents  that  directly  target  both 
PHB1  and  PHB2. 1  will  use  flavaglines  as  a  tool  to  further  study  the  functions  of  the  PHB 
complex  and  to  test  the  therapeutic  efficacy  of  flavaglines  in  the  treatment  of  chemoresistant  and 
metastatic  prostate  cancer. 

•  What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report 
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CHANGES/PROBLEMS 


•  Changes  in  approach  and  reasons  for  change 

Nothing  to  Report 

•  Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve  them 

In  my  previous  study,  I  found  that  PHB1  is  upregulated  and  also  relocalizes  to  the  plasma 
membrane  in  taxane-resistant  lung  cancer  cells.  I  hypothesize  that  PHB1  may  confer  resistance 
to  paclitaxel  by  increased  accumulation  on  the  cell  surface.  To  test  this  hypothesis,  I  subcloned 
PHB1  into  HA  tagged-  pDisplay  plasmid  (pDisplay-PHB-HA)  to  specifically  express  PHB1  on 
the  plasma  membrane  of  taxane-sensitive  cancer  cells,  and  I  tested  whether  the  overexpression  of 
PHB  on  cell  surface  confers  chemoresistance.  My  preliminary  results  showed  that  transient 
transfection  of  pDisplay-PHBl-HA  does  drive  the  expression  of  PHB  1  on  the  plasma  membrane; 
however,  it  does  not  confer  resistance  towards  paclitaxel  (data  not  shown).  Stable  expression  of 
PHB  1  at  the  plasma  membrane  may  be  needed  for  further  examination.  Another  possibility  as  to 
how  PHB1  may  confer  taxane-resistance  may  be  the  ratio  of  PHB1  in  different  subcellular 
localizations,  such  as  mitochondria/cytosol  vs.  plasma  membrane.  I  believed  that  the 
identification  of  plasma  membrane-specific  PHB1  may  provide  a  clue;  therefore,  I  used 
pDisplay-PHB-HA  as  bait  for  IP -MS  in  293T  cells  and  identified  several  plasma  membrane- 
specific  HCIPs  of  PHB.  I  employed  293T  cells  in  all  of  my  IP-MS/MS  experiments,  as  the 
database  used  for  CompPASS  analysis  is  from  172  parallel  IP-MS/MS  experiments  on  293T 
cells.  Figure  13  summarizes  the  membrane-specific  PHB1  interactome,  which  is  quite  different 
from  the  mitochondrial  dominant  PHB1  interactome  (Figure  4B).  Because  cell  surface  prohibitin 
is  expected  to  be  more  abundant  in  taxane-resistant  cells,  I  will  pay  particular  attention  to 
differences  in  binding  to  interactors  in  taxane-resistant  vs.  taxane-sensitive  tumor  cells. 

Figure  13 
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Figure  13:  A)  Western  blot  analysis  of  overexpressed  PHB  1 -HA  and  pDisplay-PHB  1 -HA  in  HEK293  cells. 
B)  Membrane  specific  PHB1  interactome  identified  in  HEK293  cells  by  overexpression  of  pDisplay-PHB  1- 
HA  followed  by  IP-MS -CompPASS. 


Changes  that  had  a  significant  impact  on  expenditures 
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Nothing  to  Report 

•  Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals, 
biohazards,  and/or  select  agents 

Nothing  to  Report 

•  Significant  changes  in  use  or  care  of  human  subjects 

Nothing  to  Report 

•  Significant  changes  in  use  or  care  of  vertebrate  animals. 

Nothing  to  Report 

•  Significant  changes  in  use  of  biohazards  and/or  select  agents 

I  am  planning  to  employ  flavaglines  as  a  tool  to  further  study  the  functions  of  the  PHB  complex 
and  to  test  the  therapeutic  efficacy  of  flavaglines  in  the  treatment  of  chemoresistant  and 
metastatic  prostate  cancer.  In  a  recent  study  from  Dr.  Desaubry  of  the  University  Strasbourg, 
using  an  affinity  chromatography  approach,  PHB1  and  PHB2  were  demonstrated  to  be  direct 
targets  of  rocaglamides.  My  preliminary  experiments  tested  the  synthesized  flavaglines  (FL3, 
FL23,  FL40)  from  Dr.  Desaubry ’s  lab  and  found  that  flavaglines  significantly  decreased  the  cell 
viability  of  multiple  cancer  cell  lines,  including  those  chemoresistant  cells  (Figure  14). 
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RNA  interference  (RNAi)  represents  a  promising  strategy  for  iden¬ 
tification  and  validation  of  putative  therapeutic  targets  and  for 
treatment  of  a  myriad  of  important  human  diseases  including 
cancer.  However,  the  effective  systemic  in  vivo  delivery  of  small 
interfering  RNA  (siRNA)  to  tumors  remains  a  formidable  challenge. 
Using  a  robust  self-assembly  strategy,  we  develop  a  unique  nano¬ 
particle  (NP)  platform  composed  of  a  solid  polymer/cationic  lipid 
hybrid  core  and  a  lipid-poly(ethylene  glycol)  (lipid-PEG)  shell  for 
systemic  siRNA  delivery.  The  new  generation  lipid-polymer  hybrid 
NPs  are  small  and  uniform,  and  can  efficiently  encapsulate  siRNA 
and  control  its  sustained  release.  They  exhibit  long  blood  circula¬ 
tion  (t1/2  ~8  h),  high  tumor  accumulation,  effective  gene  silencing, 
and  negligible  in  vivo  side  effects.  With  this  RNAi  NP,  we  delineate 
and  validate  the  therapeutic  role  of  Prohibitinl  (PHB1),  a  target 
protein  that  has  not  been  systemically  evaluated  in  vivo  due  to  the 
lack  of  specific  and  effective  inhibitors,  in  treating  non-small  cell 
lung  cancer  (NSCLC)  as  evidenced  by  the  drastic  inhibition  of  tumor 
growth  upon  PHB1  silencing.  Human  tissue  microarray  analysis 
also  reveals  that  high  PHB1  tumor  expression  is  associated  with 
poorer  overall  survival  in  patients  with  NSCLC,  further  suggesting 
PHB1  as  a  therapeutic  target.  We  expect  this  long-circulating  RNAi 
NP  platform  to  be  of  high  interest  for  validating  potential  cancer 
targets  in  vivo  and  for  the  development  of  new  cancer  therapies. 

siRNA  delivery  |  nanoparticle  |  Prohibitinl  |  non-small  cell  lung  cancer 

With  the  capability  to  silence  any  gene  of  interest,  RNA 
interference  (RNAi)  technology  has  demonstrated  enor¬ 
mous  potential  in  medical  research  and  applications  (1,  2). 
RNAi-mediated  gene  silencing  has  revealed  the  functionality  of 
specific  genetic  alterations  in  cancers  (3-5).  Many  of  these  genes 
and  pathways  are  considered  “undruggable”  targets  or  require 
complex  and  time-consuming  development  of  effective  inhibit¬ 
ors.  The  ubiquitous  application  of  RNAi  in  cancer  research  and 
therapy  is  nevertheless  hindered  by  the  challenge  of  effective 
systemic  in  vivo  delivery  of  siRNA  to  tumors,  which  requires 
overcoming  of  multiple  physiological  barriers,  such  as  enzymatic 
degradation,  rapid  elimination  by  renal  excretion  or  by  the 
mononuclear  phagocyte  system  (MPS),  and  poor  cellular  uptake 
and  endosomal  escape  (2,  6,  7).  To  this  end,  a  great  number  of 
cationic  lipid/polymer-based  nanoparticles  (NPs)  have  been  de¬ 
veloped  to  protect  siRNA  from  serum  nucleases  and  facilitate  its 
cytosolic  delivery  (8).  Surface  PEGylation  has  also  been  applied 
extensively  to  improve  NP  stability  and  reduce  MPS  recognition 
(9,  10).  Several  RNAi  nanotherapeutics  are  now  in  clinical  trial 
in  cancer  patients.  However,  the  clinical  stage  anticancer  RNAi 
NPs  have  shown  relatively  rapid  clearance  in  blood  (11,  12), 
which  may  reduce  their  extravasation  into  tumor  tissue  through 


the  enhanced  permeability  and  retention  (EPR)  effect  (13).  This 
could  result  in  decreased  in  vivo  silencing  efficacy  and  conse¬ 
quently  limit  potential  clinical  impact. 

Here  we  report  the  development  of  a  long-circulating  RNAi 
NP  platform  for  exploring  and  validating  PHB1  as  a  potential 
new  therapeutic  target  in  NSCLC  treatment.  This  lipid-polymer 
hybrid  small  interfering  RNA  (siRNA)  NP  (Fig.  L4)  is  rationally 
developed  through  a  robust  self-assembly  approach,  and  has  a 
unique  nanostructure  comprising  a  cationic  lipid/siRNA  complex- 
containing  poly (D, L-lactide -co -glycoli de )  (PLGA)  polymer  core 
and  a  lecithin/lipid-PEG  shell.  Unlike  previous  lipid-polymer  hy¬ 
brid  RNAi  NPs  formulated  by  the  double  emulsion  and  solvent 
evaporation  techniques  (14-18),  our  self-assembled  hybrid  NP  is 
much  smaller  (<100  nm)  and  exhibits  promising  in  vivo  features 
for  systemic  siRNA  delivery,  including  long  circulation,  high 
tumor  accumulation,  effective  gene  silencing,  and  modest  side 


Significance 

This  study  developed  a  new  generation  lipid-polymer  hybrid 
nanoparticle  platform  for  effective  systemic  delivery  of  small 
interfering  RNA  (siRNA)  to  tumors,  which  represents  a  chal¬ 
lenging  hurdle  for  the  widespread  application  of  RNA  interfer¬ 
ence  (RNAi)  in  cancer  research  and  therapy.  With  promising  in 
vivo  features  such  as  long  blood  circulation,  high  tumor  accu¬ 
mulation,  and  effective  gene  silencing,  the  hybrid  siRNA  nano- 
particles  were  successfully  used  to  reveal  and  validate  a  putative 
therapeutic  target,  Prohibitinl  (PHB1),  in  non-small  cell  lung 
cancer  treatment.  In  vivo  antitumor  efficacy  results  and  human 
tissue  microarray  analysis  further  suggested  the  feasibility  of 
utilizing  PHB1  siRNA  nanoparticles  as  a  novel  therapeutic  agent. 
This  hybrid  RNAi  nanoparticle  platform  may  serve  as  a  valuable 
tool  for  validating  potential  cancer  targets  and  developing  new 
cancer  therapies. 
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Fig.  1.  Self-assembly  of  lipid-polymer  hybrid  NP  for  siRNA  delivery.  (A)  Schematic  diagram  of  the  NP  structure  and  the  self-assembly  process  for  NP  for¬ 
mulation.  ( B )  Monitoring  of  the  NP  formulation  by  dynamic  light  scattering  (DLS).  No  particle  formation  was  observed  when  H20  was  added  to  the  acetone 
solution  of  PLGA/G0-C14  in  a  volume  ratio  of  1 :20.  When  aqueous  siRNA  was  added  to  the  same  solution,  small  complexes  can  be  detected  with  a  size  of  ~26  nm. 
After  nanoprecipitation  in  the  bulk  aqueous  solution  of  lecithin/I ipid-PEG,  the  hybrid  NPs  show  a  size  of  ~100  nm.  Inset  is  the  transmission  electron 
microscopy  (TEM)  image  of  the  NPs.  (C)  Luciferase  expression  in  Luc-HeLa  cells  transfected  with  NP(siLuc)  composed  of  different  cationic  lipids  or  lipid-like 
compounds.  All  siRNA  NPs  were  made  with  the  N/P  ratio  of  10/1 .  Lipo2K  was  used  as  a  positive  control.  (D)  Sustained  luciferase  silencing  by  NP(siLuc)  vs. 
Lipo2K-sil_uc  complexes.  (£)  NP  uptake  in  the  presence  of  specific  endocytic  inhibitors. 


effects.  We  also  reveal  that  the  cationic  lipid  component  and  the 
surface  lipid-PEG  have  a  critical  role  in  controlling  gene  silencing 
efficacy  and  pharmacokinetics  (PK)  of  the  new  generation  hybrid 
NPs.  After  systematic  investigation  and  screening,  this  siRNA 
NP  is  successfully  applied  to  define  the  role  of  PHB1  as  a  po¬ 
tential  cancer  target.  Although  proposed  to  modulate  tumor  cell 
proliferation  and  chemoresistance  (19-21),  systemic  in  vivo  val¬ 
idation  of  PHB1  for  cancer  treatment  remains  elusive.  In  this 
work,  we  demonstrate  antitumor  activity  following  systemic  de¬ 
livery  of  PHB1  siRNA  and  propose  this  approach  as  a  novel 
therapeutic  modality  for  NSCLC  treatment. 

Results 

A  Robust  Self-Assembly  Strategy  for  NP  Formulation.  As  illustrated 
in  Fig.  L4,  the  lipid-polymer  hybrid  NPs  are  self-assembled  together 
with  siRNA  through  a  simple  two-step  approach.  Aqueous  siRNA 
was  first  mixed  with  the  acetone  solution  containing  cationic  lipids 
(or  lipid-like  compounds)  and  PLGA  polymer  in  a  1:20  volume  ratio. 
With  water  rapidly  and  homogeneously  dispersing  in  acetone,  the 
negatively  charged  siRNA  molecules  spontaneously  assembled  with 
cationic  lipids  (e.g.,  G0-C14)  into  small  nanocomplexes  with  a  size  of 
~26  nm  (Fig.  IB).  It  is  worth  noting  that  acetone  has  no  effect  on  the 
integrity  and  bioactivity  of  siRNA  (SI Appendix,  Fig.  SI).  By  adding 
the  acetone  solution  to  a  rapidly  mixing,  bulk  aqueous  solution  of 
lecithin  and  lipid-PEG,  the  PFGA  polymer  and  cationic  lipid/ 
siRNA  complex  were  co-nanoprecipitated  to  form  a  solid  NP  core 
surrounded  by  a  lecithin/lipid-PEG  shell. 

Different  cationic  lipids/lipid-like  compounds  were  tested  for  NP 
formulation  and  were  demonstrated  to  have  an  influence  on  the 
particle  size,  siRNA  encapsulation,  and  release  kinetics  (SI  Ap¬ 
pendix ,  Figs.  S2  and  S3).  The  lipid-like  compounds  are  cationic 
molecules  consisting  of  polar  amine-containing  hydrophilic 
head  groups  and  nonpolar  hydrophobic  hydrocarbon  tails,  which 
were  synthesized  through  the  ring  opening  of  epoxides  by  amine 
substrates  (SI Appendix,  Fig.  S2  B  and  C)  (22).  With  G0-C14  as  the 


cationic  lipid  component,  the  hybrid  NP  was  ~100  nm  in  size  (Fig. 
IB),  with  siRNA  encapsulation  efficiency  at  ~80%  and  a  loading  of 
~640  pmol  siRNA/mg  PFGA.  Compared  with  traditional  lipid- 
polymer  hybrid  RNAi  NPs  that  were  prepared  by  the  double 
emulsion/solvent  evaporation  methods  (14—18),  this  self-assembled 
hybrid  NP  is  much  smaller  and  more  uniform,  and  can  be  easily 
made,  while  retaining  comparable  siRNA  encapsulation  efficiency. 
In  addition,  the  solid  PFGA  polymer  core  offers  a  more  rigid  and 
stable  nanostructure  that  can  better  protect  the  encapsulated 
siRNA  than  the  lipid-siRNA  complex  (lipoplex)  structure  (SI  Ap¬ 
pendix,  Fig.  S44).  Stability  tests  showed  that  the  siRNA  within  the 
NPs  underwent  no  obvious  degradation  in  serum  within  24  h, 
whereas  ~70%  siRNA  degradation  was  observed  in  the  lipoplexes. 

NP-Mediated  siRNA  Delivery  in  Vitro.  Firefly  luciferase-expressed 
HeLa  (Luc-HeFa)  cells  were  used  for  optimizing  and  under¬ 
standing  the  hybrid  NP  platform  for  siRNA  delivery.  As  shown  in 
the  luciferase  silencing  experiments,  the  choice  of  cationic  lipids 
(or  lipid-like  compounds)  greatly  influenced  the  silencing  effi¬ 
cacy  of  the  siRNA  NPs  (Fig.  1C).  A  highly  potent  NP  formulation 
was  prepared  with  G0-C14,  which  is  much  more  effective  than  the 
commercial  transfection  agent  lipofectamine  2000  (Lipo2K).  Nearly 
complete  (>95%)  luciferase  silencing  was  obtained  with  5-50  nM 
siRNA.  No  obvious  cytotoxicity  was  observed  under  these  condi¬ 
tions  (SI  Appendix,  Fig.  S4B).  Moreover,  G0-C14  NPs  could  main¬ 
tain  luciferase  silencing  for  a  longer  period  relative  to  Fipo2K 
(Fig.  ID).  Over  90%  silencing  could  still  be  retained  9  d  after 
transfection  with  G0-C14  NPs  (50  nM  siRNA),  whereas  only 
~38%  was  silenced  for  Fipo2K  under  the  same  condition.  In 
addition,  the  effect  of  N/P  ratio,  which  was  defined  as  the  ratio 
of  cationic  amino  groups  (N)  of  G0-C14  to  phosphate  groups  (P) 
of  siRNA,  was  examined  for  optimal  encapsulation  and  gene 
silencing  with  the  use  of  a  minimal  amount  of  cationic  lipids 
(SI  Appendix,  Fig.  S4  C  and  D).  The  N/P  ratio  of  10  was  selected  for 
following  NP  formulations. 
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We  then  studied  the  cellular  internalization  of  G0-C14  NPs. 
Fluorophore  DY547-labeled  siRNA  NPs,  denoted  as  NP(DY547- 
siRNA),  were  incubated  with  Luc-HeLa  cells  in  the  presence  of 
different  endocytic  inhibitors  [5-V-ethyl-V-isoproamiloride  (EIPA), 
filipin,  or  chlorpromazine  (CPZ)],  which  represent  three  endocytic 
pathways:  macropinocytosis  and  caveolae-  and  clathrin-mediated 
endocytosis,  respectively.  We  observed  a  ~50-65%  reduction  of 
uptake  upon  the  treatment  of  EIPA,  and  ~30-40%  reduction 
upon  CPZ,  for  G0-C14  NPs  with  either  ceramide-PEG  or  1,2- 
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly- 
ethylene  glycol)]  (DSPE-PEG)  on  the  surface  (Fig.  IE).  This 
suggests  the  role  of  macropinocytosis  and  clathrin-mediated 
endocytosis  in  NP  uptake.  Moreover,  these  two  pathways  may,  to 
some  extent,  function  independently,  as  higher  inhibition  of  up¬ 
take  (~80%)  was  observed  when  coincubating  the  two  inhibitors 
(EIPA  and  CPZ)  with  NPs. 

Effect  of  Lipid-PEG  on  Systemic  siRNA  Delivery.  To  evaluate  the  in 
vivo  performance  of  these  hybrid  NPs  for  systemic  siRNA  de¬ 
livery,  we  first  examined  the  PK  by  injecting  NP(DY647-siRNA) 
to  healthy  BALB/c  mice  via  tail  vein.  The  circulation  profile 
of  three  different  NP(DY647-siRNA)  formulations,  with  ceram- 
ide-PEG5K,  DSPE-PEG5K,  or  DSPE-PEG3K  as  the  surface 
lipid-PEG,  was  measured  and  compared  with  that  of  naked 
DY647-siRNA.  Fig.  2A  shows  naked  siRNA  was  rapidly  cleared 
from  blood  within  30  min.  Ceramide-PEG5K  NPs  extended  the 
circulation  of  siRNA  with  a  half-life  (ty2)  of  ~30  min.  More  im¬ 
pressively,  DSPE-PEG5K  NPs  exhibited  a  prolonged  circulation 
tv 2  of  ~8.1  h.  The  change  of  surface  lipid-PEG  to  DSPE-PEG3K 
(t\/2  ~7.1  h)  modestly  altered  the  NP  circulation  profile.  Both 
DSPE-PEG  NPs  demonstrated  ~100-fold  greater  measurement 
for  area  under  the  curve  (AUC)  than  that  of  naked  siRNA  (SI 
Appendix ,  Fig.  S5A).  To  assess  the  NP  biodistribution  (BioD)  and 
tumor  accumulation,  nude  mice  carrying  human  NSCLC  NCI- 
H460  tumor  were  injected  i.v.  with  NP(DY677-siRNA)  or  naked 


DY677-siRNA.  Long-circulating  DSPE-PEG5K  NPs  demonstrated 
high  tumor  accumulation  in  the  xenograft,  whereas  ceramide- 
PEG5K  NPs  and  naked  siRNA  exhibited  low  or  negligible  signal 
in  tumor  (Fig.  2 B  and  SI  Appendix,  Fig.  S5).  Quantification  anal¬ 
ysis  further  showed  a  10-fold  higher  accumulation  of  DSPE- 
PEG5K  NPs  per  gram  of  tumor  tissue  than  ceramide-PEG5K  NPs 
(Fig.  2 C). 

To  explain  the  drastic  difference  in  PK/BioD  between  DSPE- 
PEG  and  ceramide-PEG  NPs,  the  effect  of  lipid-PEG  on  NP 
properties  and  performance  was  systematically  studied.  Through 
quantitative  analysis  of  PEG  molecules  (23),  both  NPs  carried  a 
similar  amount  of  lipid-PEG  on  the  surface,  with  ~9.5  weight% 
of  PLGA  polymer  (SI  Appendix,  Fig.  S6A).  We  then  measured 
the  dissociation  kinetics  of  lipid-PEG  from  NPs  in  the  presence 
of  serum  albumin,  which  is  abundant  in  blood  and  can  bind  with 
diacyl  lipids  (24).  Fig.  2D  illustrated  a  much  more  rapid  release 
of  ceramide-PEG5K  than  DSPE-PEG5K  from  NPs.  Owing  to  the 
dissociation  of  lipid-PEGs  and  exposure  of  PLGA/cationic  lipid/ 
siRNA  hybrid  core,  the  NP  surface  charge  (or  zeta  potential)  also 
changed  over  time  (Fig.  2 E).  Both  DSPE-PEG5K  and  ceramide- 
PEG5K  NPs  were  relatively  neutral  initially.  After  incubation  with 
albumin,  the  surface  charge  increased  rapidly  from  2.2  to  31.4  mV 
in  3  h  for  ceramide-PEG5K  NPs,  but  gradually  from  -4.0  to  11.9  mV 
for  DSPE-PEG5K  NPs  in  24  h.  The  trend  of  surface  charge 
change  is  consistent  with  the  lipid-PEG  dissociation  kinetics. 

We  next  investigated  the  uptake  kinetics  of  these  two  NPs  in  a 
mouse  macrophage  cell  line.  The  ceramide-PEG5K  NP  dis¬ 
played  significantly  faster  uptake  kinetics  than  the  DSPE- 
PEG5K  counterpart  (Fig.  2 F),  which  may  account  for  its  much 
shorter  residence  life  in  blood.  The  effect  of  lipid-PEG  on  NP 
uptake  by  tumor  cells  was  also  tested  (SI  Appendix,  Fig.  S6  B  and  C). 
Again,  rapid  cell  uptake  was  seen  with  ceramide-PEG5K  NPs 
after  1-h  incubation,  whereas  DSPE-PEG5K  NPs  exhibited  slow 
uptake  within  the  first  6  h  of  incubation  followed  by  accelerated 
internalization.  This  effect  correlates  with  the  lipid-PEG  release 
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Fig.  2.  Effect  of  lipid-PEG  on  in  vivo  PK  and  BioD  of  the 
hybrid  NPs.  (A)  Circulation  profile  of  naked  siRNA  and 
three  different  siRNA  NP  formulations  composed  of  DSPE- 
PEG3K,  DSPE-PEG5K,  or  ceramide-PEG5K  in  normal  BALB/c 
mice  after  i.v.  injection.  The  siRNA  was  labeled  with  near 
infrared  (NIR)  dye  DY647.  ( B )  Ex  vivo  fluorescence  image  of 
representative  tissues  from  mice  bearing  NCI-H460  tumor 
24  h  postinjection.  (C)  BioD  of  NP(siRNA)  quantified  from 
B.  (D)  Dissociation  kinetics  of  DSPE-PEG5K  vs.  ceramide- 
PEG5K  from  respective  NPs  in  the  presence  of  serum  al¬ 
bumin.  (£)  The  change  of  zeta  potential  of  DSPE-PEG5K  vs. 
ceramide-PEG5K  NPs  vs.  time.  (E)  NP  uptake  kinetics  on 
RAW264.7  macrophage  cells.  Inset  shows  fluorescence  im¬ 
ages  of  RAW264.7  cells  treated  with  DSPE-PEG5K  (Left)  and 
ceramide-PEG5K  (Right)  siRNA  NPs  at  18  h.  The  siRNA  was 
labeled  with  dye  DY547.  (Scale  bar,  10  |im.) 
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profiles  in  Fig.  2D.  It  should  be  noted  also  that  there  is  no 
substantial  difference  in  endocytosis  pathways  for  these  two  NPs 
(Fig.  IE).  The  difference  in  uptake  kinetics  also  affects  gene 
silencing  in  tumor  cells.  Lucif erase  silencing  was  more  effective 
after  a  6-h  incubation  with  ceramide-PEG  NPs  relative  to  DSPE- 
PEG  NPs  {SI  Appendix,  Fig.  S6 D).  When  the  incubation  time  was 
extended  to  24  h,  however,  the  two  NPs  exhibited  comparable 
silencing  efficacy. 

In  Vitro  Validation  of  PHB1 -Targeted  NSCLC  Treatment.  Next,  we 
examined  whether  the  hybrid  siRNA  NP  platform  could  be  used 
to  silence  a  potential  therapeutic  target  in  NSCLC  cell  lines. 
PHB1  is  a  32-kDa  protein  found  in  organisms  ranging  from 
yeast  to  humans  and  has  been  implicated  in  aging,  obesity, 
diabetes,  cancer,  and  inflammatory  diseases  (25-27).  Up-regu- 
lation  of  PHB1  has  been  reported  in  cancers  of  the  stomach, 
esophagus,  urinary  bladder,  breast,  prostate,  lung,  and  others 
(25,  28),  and  is  also  associated  with  drug  resistance  (21).  None¬ 
theless,  the  validity  of  PHB1  as  a  therapeutic  target  is  not  well 
established  due  to  the  absence  of  specific  and  effective  PHB1 
systemic  inhibitors. 

We  first  silenced  PHB1  expression  in  NCI-H460  cells  in  vitro 
using  the  anti-PHBl  siRNA  (siPHBl)  hybrid  NPs.  Immunofluo¬ 
rescence  staining  illustrated  that  NP(siPHBl)  successfully  knocked 
down  PHB1  by  >90%  (Fig.  3 A).  By  flow  cytometry  analysis,  we 
found  that  PHB1  silencing  induced  apoptosis  in  vitro  (Fig.  3 B). 
After  3  d,  the  frequency  of  apoptotic  cells  (Annexin-V  positive) 
increased  markedly  to  50.4%  in  the  NP(siPHBl)  group  compared 
with  10.9%  of  NP(siControl)-treated  cells,  along  with  an  increase 
of  early-stage  apoptosis  (Annexin-V  positive  and  7- ADD  negative) 
from  2.28%  to  13.4%.  Western  blot  analysis  showed  that  NP 
(siPHBl)  dramatically  reduced  caspase-3  and  -9  protein  levels,  and 
led  to  increased  levels  of  catalytically  active  caspase-3  and  cleaved 
poly(ADP  ribose)  polymerase  (PARP)  (Fig.  3C),  as  well  as  a  sig¬ 
nificant  increase  in  caspase-3/7  activities  (Fig.  3D). 

In  cell  proliferation  analysis,  NP(siPHBl)  treatment  for  6  h 
resulted  in  drastic  inhibition  of  cell  proliferation  compared  with 
NP(siControl)  (Fig.  3 E).  The  cell  number  in  the  NP(siPHBl) 
group  was  only  ~4%  of  that  in  the  control  groups  after  12  d. 
Similarly,  in  soft  agar  colony  formation  assay,  NP(siPHBl)-treated 


cells  formed  much  smaller  and  fewer  colonies,  indicating  that 
PHB1  silencing  reduced  the  ability  of  anchorage-independent 
growth  of  NSCLC  (Fig.  3 F).  To  understand  the  underlying  mech¬ 
anism,  we  further  explored  whether  PHB1  silencing  affected  mito¬ 
chondrial  structure,  as  PHB1  is  reported  to  maintain  mitochondrial 
integrity  (29).  Seventy- two  hours  after  short-term  NP(siPHBl) 
transfection,  we  observed  an  absence  of  PHB1  protein  and  vesicular 
punctuated  mitochondria  structure,  whereas  NP(siControl)-treated 
cells  exhibited  a  normal  mitochondrial  morphology  (Fig.  3G). 
Similar  findings  were  also  observed  in  a  second  NSCLC  cell  line, 
A549  {SI  Appendix,  Fig.  S7). 

In  Vivo  Therapeutic  Efficacy  and  Safety  Profile.  For  in  vivo  valida¬ 
tion  of  PHB1 -targeted  cancer  therapy,  we  first  tested  whether 
the  NP(siPHBl)  can  silence  PHB1  in  tumor  tissue  after  systemic 
administration.  Immunocompromised  mice  bearing  a  s.c.  NCI- 
H460  (human  NSCLC)  tumor  xenograft  were  injected  with  NPs 
via  tail  vein  for  three  consecutive  days.  Western  blot  analysis  of 
tumor  tissue  showed  that  NP(siPHBl)  induced  ~76%  decrease 
in  PHB1  expression  relative  to  NP(siControl)  (Fig.  4 A  and  SI 
Appendix,  Fig.  S8A),  which  greatly  increased  tumor  cell  apoptosis 
as  confirmed  by  TUNEL  staining  {SI  Appendix,  Fig.  S8 B).  We 
then  examined  whether  the  NP-mediated  PHB1  silencing  had 
anti-tumor  effect.  Rapid  tumor  growth  was  observed  in  mice 
that  received  saline,  naked  siPHBl  or  NP(siControl)  (Fig.  4 B).  In 
contrast,  NP(siPHBl)  treatment  resulted  in  a  significant  suppres¬ 
sion  of  tumor  growth.  The  average  tumor  weight  in  the  NP(siPHBl) 
group  was  ~70%  less  at  day  16,  compared  with  others;  and  no 
obvious  change  in  body  weight  was  observed  for  all  groups  {SI 
Appendix,  Fig.  S8  C-E). 

To  examine  whether  greater  efficacy  would  result  from  combining 
NP(siPHBl)  with  known  chemotherapeutics,  we  chose  cisplatin,  a 
drug  commonly  used  in  the  treatment  of  NSCLC.  When  tested  in 
vitro,  the  combination  group  showed  enhanced  cytotoxicity  in  A549 
and  NCI-H460  cells  (Fig.  4C  and  SI  Appendix,  Fig.  S9A).  The 
combinatorial  apoptotic  effect  was  confirmed  in  assays  showing  in¬ 
creased  levels  of  cleaved  caspase-3  and  PARP  (Fig.  3C).  In  the  in 
vivo  experiments,  mice  bearing  A549  tumor  were  treated  with  saline, 
NP(siPHBl),  or  NP(siControl)  at  an  i.v.  dose  of  600  pg  siRNA  per 
kilogram  per  injection  with  or  without  cisplatin  at  an  i.p.  dose  of 


Fig.  3.  NP-mediated  PHB1  silencing  in  NSCLC  cells. 
(A)  Immunofluorescence  images  of  NCI-H460  cells 
after  treatment  with  NP(siControl)  or  NP(siPHBI). 
PHB1,  red;  actin,  green;  and  nucleus,  blue.  ( B )  Flow 
cytometry  analysis  of  cell  apoptosis  72  h  post-NP 
treatment.  The  x  axis  represents  the  level  of  phy- 
coerythrin  (PE)-conjugated  Annexin  V,  and  the  y 
axis  for  7-AAD.  Living  cells  accumulate  in  Q4,  cells 
undergoing  apoptosis  in  Q3,  cells  in  end-stage  ap¬ 
optosis  or  dead  cells  in  Q2,  and  necrotic  cells  in  Q1. 
(C)  Representative  Western  blot  analysis  of  PHB1, 
caspase-9,  caspase-3,  cleaved  caspase-3  (or  active 
caspase-3),  and  PARP  cleavage  after  NP  treatment 
alone  or  in  combination  with  cisplatin.  p-Actin  was 
used  as  a  control.  (D)  Caspase-3/7  activities  mea¬ 
sured  by  caspase-Glo  3/7  assay,  after  NP  treatment 
( **P  <  0.01).  (£)  Inhibition  of  cell  proliferation  of 
NCI-H460  cells  upon  PHB1  silencing.  (E)  Quantita¬ 
tive  analysis  of  colony  numbers  in  soft  agar  colony 
formation  assay  3  wk  post-NP  treatment  ( ***P  < 
0.001).  (G)  Mitochondrial  staining  of  NCI-H460  cells 
after  NP  treatment.  MitoTracker,  green;  PHB1,  red; 
and  nucleus,  blue.  Enlarged  MitoTracker  pictures 
depict  (Top)  long  tubular  mitochondrial  network 
for  NP(siControl),  and  ( Bottom )  punctuated  form  of 
mitochondria  for  NP(siPHBI).  (Scale  bar,  20  \irr\.) 
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Fig.  4.  In  vivo  validation  of  PHB1 -targeted  NSCLC  therapy. 

(A)  Representative  Western  blot  analysis  of  PHB1  expres¬ 
sion  in  NCI-H460  tumor  tissue  after  systemic  NP  treatment. 

(B)  Therapeutic  efficacy  of  NP(siPHBI)  in  NCI-H460  xeno¬ 
graft  [n  =  4  per  group;  **P  <  0.01  vs.  NP(siControl)].  Three 
i.v.  injections  are  indicated  by  the  arrows.  (C)  In  vitro  cyto¬ 
toxicity  of  NP(siPHBI)  in  combination  with  free  cisplatin  in 
A549  cells.  (D)  Inhibition  of  A549  tumor  growth  after  com¬ 
binatorial  treatment  with  NP(siPHBI)  and  cisplatin.  The  ar¬ 
rows  indicate  the  timeline  for  i.v.  injection  of  NP(siPHBI) 
(red)  and  i.p.  injection  of  cisplatin  (blue).  Data  are  shown  as 
the  mean  ±  SEM  (n  =  6  per  group).  (£)  The  Kaplan-Meier 
survival  curve  of  the  cohorts  in  D. 


3  mg/kg/wk.  The  administration  timeline  for  NP(siRNA)  and  cis¬ 
platin  is  shown  in  Fig.  AD.  As  can  be  seen,  tumor  growth  was  sig¬ 
nificantly  inhibited  by  monotherapy  with  NP(siPHBl)  (Fig.  AD  and 
SI  Appendix ,  Fig.  S9  B-D).  More  impressively,  combination  treat¬ 
ment  with  NP(siPHBl)  and  cisplatin  nearly  completely  inhibited 
tumor  growth  during  the  treatment  period.  Moreover,  mice  that 
received  the  combination  treatment  survived  over  the  entire  64- 
d  duration  (Fig.  AE).  These  results  suggest  that  effective  PHB1  si¬ 
lencing  by  the  long-circulating  RNAi  NPs  represents  a  potential 
strategy  for  NSCLC  treatment,  which  may  be  further  combined  with 
chemotherapeutics  for  even  better  antitumor  efficacy. 

In  addition  to  therapeutic  efficacy,  we  also  evaluated  in  vivo 
side  effects  of  the  NP(siPHBl).  After  three  i.v.  injections,  blood 
serum  samples  were  obtained  for  hematological  analysis,  and  the 
histopathology  of  different  organs  was  evaluated.  Multiple  he¬ 
matological  parameters,  including  alanine  aminotransferase  (ALT), 
aspartate  aminotransferase  (AST),  blood  urine  nitrogen  (BUN), 
creatinine  and  Troponin- 1,  were  in  the  normal  range  in  all  groups 
(SI  Appendix,  Fig.  S10).  H&E  staining  results  further  demonstrated 
no  noticeable  histological  change  in  the  tissues  from  heart,  liver, 
spleen,  lung,  and  kidney  between  saline  and  NP(siPHBl)  groups, 
indicating  no  organ  toxicity  (SI  Appendix,  Fig.  Sll). 

To  exclude  the  possibility  that  the  antitumor  effect  of  NP 
(siPHBl)  might  be  confounded  by  siRNA-mediated  immune 
stimulation  (30,  31),  we  studied  the  immunostimulatory  effect  of 
the  NPs  in  immunocompetent  mice.  The  results  showed  no  ob¬ 
vious  change  of  IL-12  level  in  serum  for  all  groups  (SI  Appendix, 
Fig.  SI 2).  Serum  levels  of  TNF-a  and  IL-6  were  similarly  in¬ 
creased  for  blank  NP  and  NP(siPHBl)  6  h  postinjection,  sug¬ 
gesting  that  the  cytokine  responses  may  be  attributed  to  NP  itself 
rather  than  encapsulated  siRNA.  Both  TNF-a  and  IL-6  con¬ 
centrations  in  the  two  NP  groups  returned  to  the  baseline  level  of 
saline  group  after  24  h.  Note  that  the  transient  immune  response 
was  also  observed  in  the  clinical  stage  siRNA  nanotherapeutics 
for  cancer  treatment  (11,  12). 

PHB1  Expression  in  Patients  with  NSCLC.  To  validate  the  relevance  of 
PHB1  as  a  potential  target  in  human  NSCLC,  we  examined  PHB1 
levels  in  465  patients  with  NSCLC  (SI  Appendix,  Table  SI).  Im- 
munohistochemical  (IHC)  staining  intensity  was  quantified  as 
negative,  low,  moderate,  or  high  on  a  scale  of  0-3  (SI  Appendix, 
Figs.  S13  and  S14).  In  these  specimens,  PHB1  staining  was  pre¬ 
dominantly  cytoplasmic.  We  then  analyzed  the  PHB1  expression 
using  a  score  (0-300)  calculated  from  staining  intensity  (0-3)  mul¬ 
tiplied  by  extension  of  expression  (0-100%).  High  PHB1  was 
recorded  when  the  score  was  higher  than  50.  Fig.  5 A  reveals  that 
patients  with  NSCLC  with  high  PHB1  tumor  expression  clearly 
demonstrate  poorer  overall  survival  (OS),  relative  to  patients  with 
low  PHB1.  Whereas  the  recurrence-free  survival  (RFS)  is  similar  to 
OS,  the  difference  is  not  statistically  significant  between  the  high- 


PHB1  and  low-PHBl  cohorts  when  analyzed  for  all  patients  (Fig. 
5B).  However,  among  patients  with  NSCLC  with  advanced  disease 
stage  III-IV,  patients  with  high  PHB1  expression  have  signifi¬ 
cantly  worse  OS  and  RFS  compared  with  those  expressing 
lower  levels  (Fig.  5  C  and  D).  PHB1  levels  do  not  differ  de¬ 
monstrably  between  NSCLC  tumor  type  (adenocarcinoma  vs. 
squamous  cell  carcinoma)  and  are  not  sex  specific. 

Discussion 

The  lack  of  systemic  siRNA  delivery  vehicles  with  long  circu¬ 
lating  half-lives,  effective  tumor  accumulation,  and  gene  silencing 
represents  a  significant  barrier  for  the  widespread  applications  of 
RNAi  in  oncology.  The  new  generation  lipid-polymer  hybrid  NP 
platform  developed  herein  has  several  unique  features.  In  contrast 
to  previously  reported  hybrid  polymer  NPs  loaded  with  cationic 
lipid/polyamine-siRNA  complexes  (14-18,  32),  which  are  formu¬ 
lated  by  emulsion  techniques  and  are  relatively  large,  our  robust 
self-assembly  strategy  leads  to  the  synthesis  of  hybrid  NPs  with 
relatively  small  size  (<100  nm)  and  long  circulation  time  (ty2  ~8 
h).  Smaller  NPs  are  considered  to  be  more  efficient  in  crossing 
leaky  microvasculature  and  show  higher  tumor  accumulation  than 
larger  NPs  (33,  34).  Compared  with  siRNA  lipoplexes,  the  solid 
polymer/cationic  lipid  core  of  our  hybrid  NPs  can  better  protect 
siRNA  from  degradation  and  control  its  release  kinetics  for 
sustained  gene  silencing.  Surprisingly,  we  noticed  a  change  in  the 
silencing  efficacy  of  cationic  lipids  (or  lipid-like  compounds) 
after  combining  into  the  hybrid  NPs.  For  example,  the  02-114 


Fig.  5.  Kaplan-Meier  estimates  of  overall  survival  (OS)  and  recurrence-free 
survival  (RFS)  of  patients  with  NSCLC  in  ( A  and  B )  all  stage  or  (C  and  D)  stages 
III-IV.  Comparison  was  made  among  patients  with  high  vs.  low  PHB1  tumor 
expression.  Marks  on  graph  lines  represent  censored  samples. 
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lipid,  which  is  ineffective  for  luciferase  silencing  in  a  lipoplex 
formulation  (22),  can  achieve  ~90%  silencing  in  our  NP  system 
(Fig.  1C).  We  therefore  speculate  that  the  hybrid  NP  system  could 
be  used  to  revisit  previously  abandoned  cationic  lipids  or  lipid¬ 
like  compounds  for  siRNA  delivery.  Notably,  the  siRNA  hybrid 
NPs  can  be  kept  at  -80  °C  for  at  least  12  mo  without  causing 
obvious  changes  of  particle  size  and  silencing  activity  (SI  Ap¬ 
pendix ,  Fig.  S15),  suggesting  another  translationally  promising 
feature  of  this  NP  platform. 

An  additional  unique  feature  of  the  hybrid  NPs  is  the  disso¬ 
ciation  of  lipid-PEG  molecules  from  the  NP  surface.  PEGylation 
is  widely  used  to  minimize  NP  interaction  with  serum  proteins, 
which  can  promote  elimination  of  circulating  NPs  by  the  MPS  (9, 
10).  PEGylation  may,  however,  also  prevent  the  interaction  of 
NPs  with  the  target  cell  membrane  and  thus  decrease  their  up¬ 
take  by  tumor  cells.  In  our  hybrid  NP  system,  the  lipid-PEGs  that 
self-assembled  on  the  particle  surface  by  hydrophobic  interaction 
with  PLGA  polymer,  can  detach  from  NPs  in  serum.  The  dis¬ 
sociation  kinetics  are  controlled  by  the  length  and/or  saturation 
of  lipophilic  tails  (Fig.  2D).  In  vivo  results  of  PK,  BioD,  and 
efficacy  suggest  that  slow  de-PEGylation  such  as  in  the  case  of 
DSPE-PEG  NPs  may  lead  to  more  effective  systemic  delivery. 

PHB1  has  been  proposed  as  a  promising  biomarker  and  po¬ 
tential  therapeutic  target  for  cancer  prognosis  (25,  28)  and  therapy 
(19,  20,  35).  Moreover,  PHB1  has  been  associated  with  chemo- 
resistance  in  NSCLC  cells  (21).  Our  findings  here  show  a  signifi¬ 
cant  correlation  between  high  PHB1  expression  and  poor  OS  and 
RFS  in  patients  with  late-stage  NSCLC.  We  further  provide  the 
first  demonstration  to  our  knowledge  of  tumor  inhibition  following 
systemic  in  vivo  delivery  of  PHB1  siRNA.  Our  results  verify  that 
the  RNAi  hybrid  NP  system  offers  a  means  for  rapid  in  vivo  vali¬ 
dation  of  potential  cancer  targets,  particularly  those  considered 
undruggable.  As  the  hybrid  NPs  can  also  simultaneously  carry  small 
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molecular  drugs  (e.g.,  cisplatin  prodrug)  in  the  PLGA  polymer  core 
(15,  36),  the  co-delivery  of  siRNA/drug  combinations  may  present 
a  therapeutic  advantage  in  cancer  treatment  (37,  38).  In  summary, 
we  have  rationally  developed  a  distinctive  lipid-polymer  hybrid  NP 
platform  for  effective  systemic  siRNA  delivery,  through  a  simple 
and  robust  self-assembly  strategy,  and  expect  that  it  provides  a 
useful  toolkit  for  both  fundamental  cancer  research  and  clinical 
development  of  novel  RNAi  therapeutics. 
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Detailed  materials  and  methods  are  provided  in  SI  Appendix,  SI  Materials 
and  Methods,  including  the  synthesis  of  cationic  lipid-like  compounds; 
preparation  and  characterization  of  lipid-polymer  hybrid  NPs;  a  serum  sta¬ 
bility  study;  siRNA  release  kinetics;  lipid-PEG  dissociation  kinetics  and  NP 
surface  charge  measurement;  in  vitro  gene  silencing;  NP  cellular  uptake; 
immunofluorescent  staining;  cell  proliferation  and  NP  cytotoxicity;  flow 
cytometry  and  Western  blot  analysis;  animal  studies;  analysis  of  PHB1  tumor 
expression  in  patients  with  NSCLC;  and  statistics. 
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Messenger  RNA  (mRNA)  has  recently  emerged  with  remarkable  potential  as  an  effective  alternative  to 

15 

DNA-based  therapies  because  of  several  unique  advantages.  mRNA  does  not  require  nuclear  entry  for 
transfection  activity  and  has  a  negligible  chance  of  integrating  into  the  host  genome  which  excludes  the 
possibility  of  potentially  detrimental  genomic  alternations.  Chemical  modification  of  mRNA  has  further 
enhanced  its  stability  and  decreased  its  activation  of  innate  immune  responses.  Additionally,  mRNA  has 
been  found  to  have  rapid  expression  and  predictable  kinetics.  Nevertheless,  the  ubiquitous  application  of 
mRNA  remains  challenging  given  its  unfavorable  attributes,  such  as  large  size,  negative  charge  and  sus¬ 
ceptibility  to  enzymatic  degradation.  Further  refinement  of  mRNA  delivery  modalities  is  therefore  essential 
for  its  development  as  a  therapeutic  tool.  This  review  provides  an  exclusive  overview  of  current  state-of- 
the-art  biomaterials  and  nanotechnology  platforms  for  mRNA  delivery,  and  discusses  future  prospects  to 
bring  these  exciting  technologies  into  clinical  practice. 


Introduction 

Messenger  RNA  (mRNA),  a  natural  biomolecule,  is  a  transient 
entity  that  mediates  the  translation  of  genetic  information 
from  genes  encoded  in  DNA  to  proteins  located  throughout 
the  cell.  The  physical  and  temporal  qualities  of  mRNA  have 
allowed  its  use  as  a  safe  genetic  material  for  gene-based 
therapy  which  does  not  require  genomic  integration.1,2  It  is 
suitable  for  this  use  because  of  its  potential  to  avoid  nuclear 
localization  and  because  it  allows  rapid  protein  expression 
even  in  non-dividing  and  hard-to-transfect  cells  (e.g.  dendritic 
cells  and  macrophages).  These  properties  also  make  mRNA  an 
attractive  molecule  for  immunotherapy.3  Another  advantage  of 
mRNA  as  a  genetic  element  is  its  predictable,  consistent 
protein  expression  kinetics,  especially  compared  to  DNA  trans¬ 
fection  which  follows  random  onset  time  courses.4-7  However, 
relative  to  the  technologies  developed  for  DNA  delivery,  mRNA 
delivery  strategies  still  require  much  more  improvement  and 
testing.  Fortunately  some  of  the  carriers  and  biomaterials 
established  for  DNA  and  small  interfering  RNA  (siRNA)  have 
also  been  exhibiting  a  promising  foundation  for  the  develop- 
50  ment  of  mRNA  delivery  technologies. 
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mRNA  has  been  investigated  for  more  than  half  a  century, 
but  its  widespread  applications  in  medical  research  and  in  the 
development  of  novel  therapeutic  modalities  have  been  30 
limited  due  to  its  perceived  instability,  susceptibility  to  degra¬ 
dation,  insufficient  translatability  and  immunostimulatory 
effects.8-10  Such  challenges  have  partially  been  resolved  thanks 
to  an  improved  understanding  of  the  structure  of  mRNA  and 
its  relationship  to  mRNA  stability,  as  well  as  the  development 
of  a  variety  of  chemical  modification  methods.10-15  These 
breakthroughs  have  subsequently  facilitated  the  synthesis  of 
mRNA  with  many  different  structural  modifications  [e.g. ,  anti¬ 
reverse  cap  analogues  (ARCA),  3'-globin  UTR  and  poly-A  tail), 
which  still  possess  functional  activity  for  immunotherapy  and 
gene-based  therapy.  With  these  advances  in  stability  and  func¬ 
tionality,  the  use  of  mRNA  as  a  therapeutic  tool  is  now  becom¬ 
ing  a  reality.14 

Nevertheless,  like  other  nucleic  acids  [e.g.,  DNA  and  siRNA),  45 
naked  mRNA  cannot  readily  cross  the  cell  membrane  on  its 
own  and  thus  requires  delivery  systems  to  enhance  its  cell  per¬ 
meation.16  Viral  vectors  have  been  used  as  mRNA  carriers  but 
may  suffer  from  their  potential  immunologic  side  effects  and 
toxicity  as  well  as  the  vector-size  limitations.1,17  Non-viral  strat-  50 
egies  such  as  electroporation,  gene  gun  and  sonoporation 
have  been  more  thoroughly  investigated  as  mRNA  delivery 
systems.16,18,19  However,  the  ex  vivo  manipulation  of  cells  with 
mRNA  transfection  using  such  approaches,  while  feasible,  is 
highly  laborious,  expensive  and  overall  ill-suited  for  extensive 
applications.20-22 

Biomaterials  represent  an  important  step  forward  from  the 
aforementioned  non-viral  strategies  and  have  demonstrated 
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promising  potential  for  the  delivery  of  various  biomacromole¬ 
cules  such  as  DNA  and  siRNA.1,23  Compared  to  viral  vectors 
and  ex  vivo  technologies  mentioned  above,  biomaterials  are 
more  biocompatible  and  diversified,  and  can  be  easily  formu¬ 
lated  for  effective  in  vivo  delivery  and  controlled  release  of 
therapeutics.  Recently,  biomaterials  have  also  attracted  con¬ 
siderable  attention  for  mRNA  delivery.5,24,25  For  example,  pro¬ 
tamine  has  demonstrated  remarkable  abilities  to  ameliorate 
the  transfection  capabilities  of  mRNA  and  several  protamine- 
mRNA  complexes  are  now  under  clinical  trials  in  cancer 
patients.26,27  Moreover,  biomaterials-based  nanoparticle  plat¬ 
forms  have  in  recent  years  been  gradually  applied  to  mRNA 
vaccine  development  and  mRNA-based  gene  therapy.1,28,29 

In  this  review,  we  summarize  the  strategies  for  chemical 
modification  of  mRNA,  provide  an  overview  of  the  currently 
available  biomaterials  and  nanotechnology  platforms  for 
mRNA  delivery  and  a  critical  analysis  of  how  these  mRNA 
delivery  systems  may  be  further  improved  to  potentiate  their 
therapeutic  utility  and  discuss  the  challenges  and  opportu¬ 
nities  in  this  exciting  field. 

mRNA  modification  for  clinical  translation 

Owing  primarily  to  its  instability,  mRNA  was  originally  con¬ 
sidered  to  be  unsuitable  for  use  as  a  therapeutic  molecule, 
despite  the  fact  that  research  on  mRNA  delivery  into  cells 
was  pioneered  over  three  decades  ago.30,31  Recent  advances 
in  molecular  and  structural  biology,  along  with  substantial 


progress  in  the  understanding  of  mRNA  biology  and  its  degra¬ 
dation  mechanism,  have  promoted  the  development  of  various 
chemical  modification  methods  to  improve  mRNA  stability 
and  translation  capacity.8,32  Below  we  briefly  outline  the 
various  modifications  of  mRNA’s  structure,  including  different 
capping  techniques  and  elements  that  can  be  included  to 
improve  stability. 

In  eukaryotic  cells,  mature  mRNA  is  generally  comprised  of 
five  distinct  portions  (Fig.  la):  (i)  a  cap  structure,  (ii)  a  5' 
untranslated  region  (5'  UTR),  (iii)  an  open  reading  frame 
(ORF),  (iv)  a  3'  untranslated  region  (3'  UTR)  and  (v)  a  poly(A) 
tail  (a  tail  of  100-250  adenosine  residues).33,34  With  recent  pro¬ 
gresses  in  molecular  biology  techniques,  in  vitro  transcription 
is  commonly  utilized  to  produce  functional  mRNA  using  a  bac¬ 
teriophage  promoter.5  During  in  vitro  mRNA  transcription  it 
has  been  observed  that  almost  half  of  the  caps  are  oriented  in 
reverse  which  makes  them  unrecognizable  to  the  cap-binding 
protein.35,36  Anti-reverse  cap  analogs  (ARCAs)  were  developed 
to  solve  this  problem.  These  are  modifications  in  which  OCH3 
is  used  to  replace  or  remove  natural  3'  OH  cap  groups  to  avoid 
inappropriate  cap  orientation  (Fig.  lb  and  c).11  It  was  found, 
moreover,  that  modification  in  the  C2'  position,  as  well  as  the 
C3'  position,  can  also  prevent  inappropriate  cap  orientation.12 
Additional  modifications  of  ARCA  structure  have  been  reported 
for  the  purpose  of  improving  the  efficiency  and  stability  of 
mRNA.5  For  example,  tetraphosphate  ARCAs  are  reported  to 
improve  translation  efficiency  relative  to  that  of  other  cap 
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analogs,12  as  well  as  phosphorothioate  ARCAs,  which  confer 
hydrolysis  resistance  to  mRNA,  thus  increasing  translational 
stability.13 

Polyadenylation,  the  addition  of  a  poly  adenine  (A)  tail  to 
the  3'  end  of  mRNA,  is  catalyzed  by  poly(A)  polymerase  and  is 
part  of  the  process  that  produces  mature  mRNA  in  eukaryote 
cells.  The  poly(A)  tail  acts  as  the  binding  site  for  poly(A)- 
binding  protein  (PABP)  which  is  exported  with  mRNA  from 
nucleus  to  cytoplasm  where  it  further  binds  to  and  recruit  pro¬ 
teins  that  facilitate  translation,  such  as  translation  initiation 
factor  4F  (eIF4F).37  The  poly-A  tail  makes  the  mRNA  molecule 
more  stable  as  shortening  or  removal  of  the  poly  (A)  tail  accel¬ 
erates  mRNA  degradation  via  enhanced  exonucleotide  diges¬ 
tion.38  E.  coli  poly(A)  polymerase  I  (E-PAP)  has  been  optimized 
to  add  a  poly(A)  tail  of  at  least  150  adenines  to  the  3'  terminal 
of  in  vitro  transcribed  mRNA.  In  some  reports,  instead  of  enzy¬ 
matically  attached  poly(A)  tail,  in  vitro  transcribed  RNA  gener¬ 
ated  from  plasmid  templates  consists  of  coding  sequencing 
and  a  poly(A)  tail  with  30  to  120  nucleotides  in  length.39-42 
The  additional  adenine  residues  confer  stability  to  the  in  vitro 
transcribed  capped  mRNA  and  may  increase  its  translational 
efficiency.43  Where  direct  comparisons  have  been  made, 
longer  poly  A  tails  >100  adenines  have  generally  been  found  to 
be  preferable  to  smaller  ones.40,41,44 

The  widely  studied  adenylate-uridylate  rice  elements  (AREs) 
are  important  mRNA  decay  signals  in  the  3'  untranslated 
regions  (3'  UTRs)  of  most  eukaryotic  mRNAs.  mRNAs  which 
contain  AREs  demonstrate  reduced  stability,  perhaps  due  to 
the  removal  of  the  poly(A)  tail.  Stability  is  increased,  however, 
when  AREs  are  replaced  with  the  3'  UTR  of  a  stable  mRNA 


species  such  as  p-globin  mRNA.45  Iron  responsive  elements 
(IREs)  represent  an  additional  type  of  3'  UTR  which  affect 
mRNA  stability  depending  on  their  precise  location  in  mRNA 
structure.  In  this  case,  the  mRNA  half-life  increases  when  IREs 
occupy  the  3'  UTR,  whereas  when  they  are  located  at  5'  position 
its  translational  abilities  improve.46 

The  multiple  means  of  modulating  structural  elements  of 
the  mRNA,  including  the  5'  cap,  5'-  and  3'-UTRs,  the  coding 
region,  and  the  poly(A)  tail,  improve  the  intracellular  stability 
and  translational  efficiency  of  in  vitro  transcribed  (IVT)  mRNA. 
Although  the  degree  of  improvement  for  modulation  of  IVT 
mRNA  appears  to  depend  on  the  means  of  modification, 
the  cell  type  and  cell  differentiation  state,  reports  range 
from  modest  levels  of  improvement  to  2-3  orders  of 
magnitude,12,40-42,47  which  leads  to  the  significantly  higher 
protein  expression  and  prolonged  persistence  of  the  protein 
from  a  range  of  a  few  minutes  to  longer  than  1  week.40,47,48 
Moreover,  the  incorporation  of  chemically  modified  nucleo¬ 
tides,  such  as  substitution  of  cytidine  triphosphate  and 
uridine  triphosphate  with  naturally  occurring  5-methylcytidine 
and  pseudouridine  (i|/)  triphosphate,  respectively,  into  mRNA 
further  suppresses  the  immune-stimulating  property  of  in  vitro 
transcription  (IVT)  mRNA.10 

It  is  also  noteworthy  to  clearly  distinguish  the  different 
immune-stimulating  effects  that  mRNA  can  have.  First,  there 
is  an  inherent  response  of  the  body  to  foreign,  non-self  mRNA. 
This  is  the  type  of  response  that  the  body  uses  to  prevent 
threats  such  as  RNA  viruses,  through  the  endosomal  reco¬ 
gnition.49  These  RNA  molecules  can  be  encountered  through 
immune  sensors  such  as  Toll-like  receptors  (TLRs).50  Some  of 
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the  aforementioned  mRNA  modifications  are  specifically 
designed  to  reduce  this  innate  immune  response  to  minimize 
inherent  host  response.  Second,  the  delivered  therapeutic 
mRNA  molecules  can  induce  the  desired  immune  response 
through  stimulating  appropriate  immune  cells  and  presen¬ 
tation  of  the  specific  antigen.  This  can  also  be  referred  to  as 
the  immune-stimulating  effect  of  the  mRNA,  but  in  this  case  is 
a  designed  antigen-specific  effect  as  opposed  to  an  inherent 
reaction  to  foreign  materials.  It  is  also  important  to  mention 
that  the  innate  immunity  is  not  preferable  for  mRNA-based 
gene  therapy  applications,  where  we  only  need  to  transfer 
mRNA  into  the  cells  and  facilitate  the  expression  of  the 
protein  of  interest  for  therapeutic  purpose.  The  results  of 
these  actions  will  be  henceforth  discussed  with  a  variety  of 
mRNA  molecules  and  delivery  methods.10,51-53 

Naked  mRNA,  in  different  modified  forms,  has  already 
been  tested  in  clinical  settings.  The  direct  intradermal  injec¬ 
tions  of  naked  mRNA  were  applied  as  a  phase  I/II  non-random- 
ized  clinical  trial  in  patients  with  stage  IV  renal  cell  cancer.54 
In  this  study,  granulocyte-macrophage  colony  stimulating 
factor  (GM-CSF)  was  used  as  an  adjuvant  with  mRNA  encoding 
several  tumor-associated  antigens  including  mucin  1,  carcino- 
embryonic,  human  epidermal  growth  factor  receptor  2,  telo- 
merase,  survivin  and  melanoma-associated  antigen  1.  Results 
revealed  that  vaccinations  were  well  tolerated  with  no  severe 
side  effects  and  induced  clinical  responses.54  Recently, 
CureVac  has  developed  self- adjuvan ted  two-component  mRNA 
vaccines  comprised  of  both  free  mRNA  and  protamine-com- 
plexed  mRNA  for  the  treatment  of  castration-resistant  prostate 


cancer  and  stage  IIIB/IV  non-small  cell  lung  cancer.  They  have 
demonstrated  excellent  safety  as  well  as  high  levels  of  cellular 
immunity  with  T  and  B  cell  responses  in  several  clinical 
trials.55-59  Moderna  is  another  company  that  has  been  investi¬ 
gating  mRNA  as  a  vaccine  and  therapeutic  technology,  with 
two  ventures  Onkaido  Therapeutics  and  Valera  actively  explor¬ 
ing  the  discovery  and  development  of  mRNA-based  treatments 
in  oncology  and  infectious  diseases,  respectively.  Some  repre¬ 
sentative  studies  using  modified  naked  mRNA  are  summarized 
in  Table  1. 

Whereas  naked  modified  mRNA  shows  feasibility  in  their 
application  as  vaccines,  several  challenging  issues  remain 
elusive,  such  as  enzymatic  degradation,  rapid  elimination  by 
renal  excretion  or  by  the  mononuclear  phagocyte  system 
(MPS),  as  well  as  poor  cellular  uptake  and  endosomal  escape, 
in  particular  for  systemic  mRNA  delivery.  Hence,  to  achieve 
more  efficient  mRNA  delivery,  a  great  number  of  biomaterials 
and  nanoparticle  platforms  have  been  developed  to  protect 
mRNA  from  nuclease  degradation  and  facilitate  its  cytosolic 
delivery  for  improved  protein  expression  (Fig.  2  and  3).  In  the 
remainder  of  this  review,  we  focus  on  recent  advances  in  the 
delivery  of  mRNA  to  cells  and  tissues  by  means  of  contempor¬ 
ary  biomaterials  and  nanotechnologies,  including  protamine 
complexes,  lipid  nanoparticles,  polymeric  nanoparticles,  lipid- 
polymer  hybrid  nanoparticles,  and  gold  nanoparticles. 

Protamine-mRNA  complexes 

Protamine  is  a  natural  cationic  protein,  which  gives  it  an  excel¬ 
lent  ability  to  complex  nucleic  acid  including  mRNA  (Fig.  3  a) 
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Fig.  1  mRNA  structural  features:  (a)  a  basic  structure  of  a  eukaryotic  mRNA  with  five  distinct  components,  (b)  the  cap  structure  of  the  5'  end  of 
eukaryotic  mRNA,  and  (c)  the  structure  of  anti-reverse  cap  analogues  (ARCA):  3'-0-Me-m7G(5')ppp(5')G. 


Table  1  Naked  mRNA  and  its  activity  in  animal  models  and  patients 


Category 

Stage 

mRNA 

Activity  and  efficiency 

Ref. 

Naked  mRNA 

C57BL/6  mice 

Luciferase  and  human  CEA 

After  intramuscular  injection  mice  demonstrated 
anti-CEA  antibody  response 

119 

CAFX  (H-2a)  mice 

S1509a 

Intradermal  injection  induced  immunity  in  tumors 

120 

Mice 

Chloramphenicol 
acetyltransferase  and  luciferase 

After  intramuscular  injection  CAT  activity  was  detected 
and,  in  a  separate  experiment,  a  dose-response  effect 
with  luciferase  was  determined 

121 

Genetically  engineered 
mice  (C57BL6/CFW 
background) 

Human  VEGF-A 

After  intramyocardial  injection  there  was  improved  heart 
function  and  long-term  survival  because  of  the  directed 
differentiation  of  endogenous  heart  progenitors 

122 

Patients  with  stage  IIIB/IV 
non-small  cell  lung  cancer 

MAGE-C1,  MAGE-C2, 

NY-ESO-1,  BIRC5,  5T4 

No  dose  limiting  toxicity  and  good  safety  profile,  along 
with  significant  induction  of  T  and  B  cell  responses  in 

65%  of  patients. 

59 

Naked  mRNA 

Patients  with  stage  IV 

MUC1,  CEA,  Her-2/neu, 

The  intradermal  mRNA  injections  resulted  in  clinical 

54 

with  GM-CSF 

renal  cell  cancer 

telomerase,  survivin  and 
MAGE-A1 

response  without  any  severe  side  effects  and  induced 

CD4+  and  CD8+  T  cell  responses  for  the  specific  antigens. 

Patients  with  stage  III  and 
IV  metastatic  melanoma 

Autologous  mRNA 

Intradermal  injection;  safe  and  feasible;  increase  in 
antitumor  humoral  immune  response  in  some  patients; 

24 
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Fig.  2  Nanoparticle-mediated  delivery  of  mRNA:  (a)  cellular  internaliz¬ 
ation  of  nanoparticles  into  endosome,  (b)  endosomal  escape,  (c)  release 
of  mRNA  from  nanoparticles,  and  (d)  mRNA  translation  to  protein 
without  genomic  integration. 


and  provides  mRNA  increased  uptake  and  transfection  capa¬ 
bilities.60  It  has  been  shown  that  protamine  can  effectively 
complex  with  mRNA  and  these  complexes  can  act  as  a  danger 
signal  that  activates  murine  cells  through  a  MyD88-dependent 
pathway  involving  TLR7  and  TLR8.60  Hoerr  et  al.  demonstrated 
that  these  complexes  degrade  within  2  h  when  incubated  in 
serum,  which  limits  their  abilities  for  survival  in  the  circula¬ 
tion  in  vivo.53  Nevertheless,  they  later  showed  that  even  par¬ 
tially  degraded  mRNA-protamine  complexes  can  still  exhibit 
immunostimulatory  activity  for  over  100  h.60  Moreover,  it  was 
found  that  protamine-mRNA  complexes  strongly  activated  a 
variety  of  white  blood  cells  (such  as  granulocytes,  B  cells  and 
NI<  cells)  and  overall  significantly  stimulated  immune 
response  compared  to  that  of  protamine-DNA  systems.53,60  In 
a  clinical  study  by  Weibe  et  al  the  efficacy  of  this  system  was 
demonstrated  by  testing  intradermally  administered  prota- 
mine-complexed  mRNAs  coding  for  Melan-A  (a  melanoma 


AAA  mRNA 
A  Apatite 


Protamine  J  Polymer  )  Polymer  in  polymer-lipid  hybrid  NPs 

Lipid-PEG  Cationic  lipids 


Fig.  3  Schematic  representation  of  various  biomaterial-based  systems  for  mRNA  delivery:  (a)  protamine-mRNA  complex;  (b)  lipid  nanoparticle;  (c)  lipid 
nanoparticle  with  inorganic  compounds  [e.g.  apatite);  (d)  cationic  polymeric  nanoparticle;  (e)  lipid-polymer  hybrid  nanoparticles  including  (i)  mRNA-polymer 
complex  core  surrounded  by  a  lipid  shell  and  (ii)  polymer  core  surrounded  by  a  lipid  shell  with  mRNA  absorbed  onto  the  surface;  and  (f)  gold  nanoparticle. 
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antigen),  Tyrosinase  (an  enzyme  which  catalyzes  the  pro¬ 
duction  of  melanin),  gplOO  (a  protein  involved  in  melanosome 
maturation),  Mage-Al  (a  melanoma  antigen),  Mage-A3  (a  mela¬ 
noma  antigen)  and  Survivin  (a  protein  involved  in  the  regu¬ 
lation  of  apoptosis)  metastatic  melanoma  patients.26  No  side 
effects  greater  than  grade  II  (mild  to  moderate)  were  observed 
and  overall  there  was  a  complete  clinical  response,  including 
significant  effect  on  the  frequency  of  immunosuppressive  cells 
and  increase  of  antigen-specific  T  cells.26 

Recently,  CureVac  has  also  explored  the  use  of  protamine- 
complexed  mRNA.  It  was  found  in  an  in  vivo  study  that  a 
two-component  mRNA  vaccine  composed  of  both  free  and 
protamine-complexed  mRNA  resulted  in  successful  antigen 
expression  and  immune  stimulation,  which  were  mediated  by 
Toll-like  receptor  7. 51  A  balanced  adaptive  immunity  with  both 
cellular  (T  cell-mediated)  and  humoral  immunity  was  achieved 
which  not  only  showed  prophylactic  activity  but  also  exhibited 
therapeutic  efficacy  against  tumor.  CureVac  has  also  put 
forward  a  clinical  trial  for  patients  with  castrate-resistant  pros¬ 
tate  cancer  using  mRNA-encoding  for  prostate-specific  antigen 
(PSA),  prostate-specific  membrane  antigen  (PSMA),  prostate 
stem  cell  antigen  PSCA  and  six  transmembrane  epithelial 
antigen  of  the  prostate  1  (STEAPl).27  After  intradermal  vacci¬ 
nation,  80%  of  the  subjects  demonstrated  immune  response 
to  the  delivered  mRNA  antigen  and  60%  against  multiple  anti¬ 
gens,  which  ultimately  correlated  with  longer  survival.27  The 
currently  investigated  protamine-complexed  mRNA  systems 
and  their  therapeutic  efficacy  are  summarized  in  Table  2. 

Lipid  nanoparticles 

The  field  of  lipid  nanoparticles  for  nucleic  acid  delivery  is  rela¬ 
tively  mature  compared  to  other  nanotechnologies.  As  such, 
quite  a  variety  of  different  lipid  formulations  have  been  tested 
for  mRNA  delivery.  Cationic  lipids  are  used  ubiquitously  owing 
to  their  favourable  electrostatic  interactions  with  negatively 
charged  mRNA  to  form  nanoparticles  (Fig.  3b).  This  field  was 
pioneered  in  1989  with  a  study  of  the  use  of  DOTMA  (N-[l-(2,3- 
dioleyloxy)propyl]-N,N,N-trimethylammonium  chloride)  to 
transfect  human,  rat,  mouse,  xenopus  (frog)  and  drosophila 
cells  with  luciferase  mRNA.31  The  clinical  development  of  such 
cationic  lipid  tools  has  however  been  hampered  by  their  tox¬ 
icity.31  Despite  these  concerns,  DOTMA  remains  a  commonly 
used  material,  along  with  DOTAP  (l,2-dioleoyloxy-3 -trimethyl- 
ammonium  propane  chloride).61  An  important  note  about 
these  cationic  lipids  is  that  while  positively  charged  lipid  nano¬ 
particles  can  be  effective  in  vitro ,  in  vivo  results  are  less  promis¬ 
ing  because  cationic  liposomes  can  be  quickly  eliminated  by 
the  mononuclear  phagocyte  system  (MPS). 

The  coating  of  poly(ethylene)  glycol  (PEG)  layer  on  lipid  car¬ 
riers  has  been  widely  used  for  the  delivery  of  nucleic  acid  pay- 
loads,  such  as  siRNA62  and  DNA,63  to  improve  the  formulation 
process,  reduce  aggregation  and  increase  the  blood  circulation 
time.64-67  However,  the  surface  PEGylation  has  also  been 
shown  to  decrease  cellular  uptake,  an  effect  which  may  be 
minimized  by  optimizing  PEG  size  and  content.63,68,69  PEG 
modification  has  also  been  applied  to  nanoparticle-based 


mRNA  delivery,  particularly  to  polymer  nanoparticles70  and 
lipid-polymer  hybrid  nanoparticles,71,72  both  of  which  will  be 
discussed  in  later  sections.  The  application  of  PEGylation  to 
lipid-based  mRNA  delivery  systems  to  improve  their  in  vivo 
efficacy  remains  elusive.  Another  strategy  is  the  incorporation 
of  a  helper  lipid  such  as  l,2-dioleoyl-src-glycero-3-phospho- 
ethanolamine  (DOPE)  to  reduce  aggregation  of  the  lipid  systems 
(as  well  as  to  improve  endosomal  escape).73-76 

To  further  enhance  mRNA  transfection  potency  in  both 
mitotic  and  non-mitotic  cells,  Akaike  and  co-workers  develo¬ 
ped  a  different  approach  by  coating  inorganic  carbonate 
apatite  nanoparticles  on  liposomal  carriers  (Fig.  3c).  It  was 
evident  that  these  inorganic  additives  helped  to  increase 
mRNA  uptake  through  effective  endocytosis.  They  also  demon¬ 
strated  that  decorating  mRNA-containing  DOTAP-apatite  par¬ 
ticles  with  RGD,  which  is  known  for  its  ability  to  bind 
integrins,77  enhanced  cytoplasmic  expression  of  delivered 
mRNA.  This  method  is  versatile  and  holds  a  great  potential 
due  to  its  abilities  for  targeting  and  efficient  delivery  of 
mRNA.61,78-80 

More  recently,  a  novel  lipid/protamine/mRNA  nanoparticle 
platform  was  proposed  and  comprehensively  explored  for  sys¬ 
temic  delivery  to  tumors.10  In  this  study  DOTAP  liposomes 
were  used  to  encapsulate  mRNA-protamine  complexes  and 
then  coated  with  DSPE-PEG  and  DSPE-PEG-anisamide.10 
These  particles  demonstrated  stability  against  degradation  in 
serum,  high  in  vitro  transfection  ability  in  NCI-H460  cells,  low 
cytotoxicity  (even  at  a  concentration  50  times  higher  than  the 
dose  they  found  to  induce  effective  transfection),  accumulation 
in  tumor  site  and  anticancer  action  in  vivo.10  Together  this 
approach  presents  a  very  promising  hybrid  system  for  the  sys¬ 
temic  delivery  of  mRNA.  Currently,  Tekmira  Pharmaceuticals 
is  also  investigating  lipid  nanoparticles  for  systemic  mRNA 
delivery  to  the  liver. 

Until  now,  lipid  nanoparticles  have  been  widely  utilized, 
particularly  to  introduce  mRNA  to  immune  cells  for  vaccine 
purposes.  The  detailed  overview  of  currently  available  lipid- 
based  nanoparticles  for  mRNA  delivery  was  presented  in 
several  recent  reports,3,16,25,81  and  a  summary  of  these 
advances  is  presented  in  Table  2.  As  the  lipid  nanoparticles 
represent  a  more  thoroughly  explored  system,  their  further 
development  and  optimization  may  open  up  the  foundation 
for  the  creation  of  more  effective  mRNA  delivery  systems. 

Polymeric  nanoparticles 

Polymeric  nanoparticles  have  emerged  as  effective  delivery 
vehicles  for  a  variety  of  payloads,  such  as  DNA,82  siRNA,83 
mRNA,28  proteins,84  chemotherapeutic  agents85  and  others.  To 
date,  cationic  polymers  have  been  used  primarily  because  of 
their  favourable  electrostatic  interactions  with  negatively 
charged  nucleic  acids  (Fig.  3d)  and  cell  membranes.  As  com¬ 
pared  with  other  delivery  vehicles  such  as  liposomes,  multiple 
parameters  must  be  considered  in  their  design.  Pack  et  al. 
enumerated  some  of  these  in  their  recent  report  in  which  they 
emphasized  optimization  with  respect  to  synthesis  of  mRNA 
carriers,  transfection  and  endosomal  escape  capabilities.86 
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Additionally,  polymers  to  be  used  for  pharmaceutical  purposes 
should  be  biocompatible,  non-toxic  and  non-immunogenic. 

Generally,  polymeric  nanoparticles  are  prepared  by  nano¬ 
precipitation87,88  or  emulsion  techniques.89,90  When  properly 
optimized,  these  polymeric  carriers  may  serve  as  a  highly  func¬ 
tional  delivery  vehicle  for  mRNA.  The  surfaces  can  be  easily 
modified  with  other  materials  such  as  ligands  to  confer  target¬ 
ing  abilities  and  other  polymers  to  afford  properties  such  as 
pH-responsive  release  for  tuning  the  release  profile.91  The  par¬ 
ticles  themselves  must  overcome  extra-  and  intracellular  bar¬ 
riers  to  ensure  that  the  mRNA  is  available  for  protein 
expression  (Fig.  2).  Additionally,  specific  to  polymeric  par¬ 
ticles,  the  charge  and  size  of  the  polymers  used  must  be  care¬ 
fully  considered  since  the  binding  strength  between  the  mRNA 
and  polymer  is  a  key  factor  in  mRNA  expression  efficiency.91 


Among  various  polymeric  carriers  for  gene  delivery,  poly- 
ethylenimine  (PEI)  (Fig.  4a)  is  a  classic  material  and  is  always 
used  as  a  standard  control  in  nucleic  acid  transfection. 
Rejman  et  al  explored  the  use  of  linear  PEI  polyplexes  in  HeLa 
cells  and  found  moderate  mRNA  transfection  efficiency  of 
approximately  40%  using  C-X-C  chemokine  receptor  (CXCR) 
type  4.  This  was  exceeded  by  a  cationic  lipid  formulation 
(DOTAP/DOPE)  (Fig.  4b  and  c).92  However,  concerns  regarding 
PEI  include  non-degradability  and  potential  toxicity  (depend¬ 
ing  on  the  molecular  weight  and  type  of  PEI).  Recently,  a  few 
different  studies  have  investigated  the  efficiency  of  modified 
PEI  as  an  mRNA  delivery  system  with  high  transfection 
efficiency  and  reduced  toxicity.  Read  et  al  explored  the  use  of 
reducible  polycations  with  histidine  and  polylysine  residues 
(HIS-RPCs)  and,  with  their  optimised  formulations,  found 


a 


o 


Fig.  4  Chemical  structure  of  some  representative  polymers  and  lipids  used  for  mRNA  delivery:  (a)  polyethylenimine  (PEI);  (b)  l,2-dioleoyl-3-tri- 
methylammonium-propane  (chloride  salt)  (DOTAP);  (c)  l,2-dioleoyl-sr?-glycero-3-phosphoethanolamine  (DOPE);  (d)  poly(L-lysine)  (PLL);  (e)  poly- 
(2-(dimethylamino)ethyl  methacrylate)  (p(DMAEMA));  and  (f)  poly(DMAEMA-PEGMA-DEAEMA-co-BMA). 
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transfection  efficiencies  of  over  90%  in  human  prostate  cancer 
cells  (PC3).93  In  contrast,  they  found  that  nanoparticles  made 
of  unmodified  branched  PEI  (25  kDa)  were  only  able  to  achieve 
efficiencies  of  about  30%. 93  Bettinger  et  al  also  investigated 
the  transfection  activity  of  PEI  (branched  but  with  low  mole¬ 
cular  weight  of  2  kDa)  along  with  another  well-known  cationic 
polymer,  poly(L-lysine)  (Fig.  4d).  In  this  study,  they  included 
additive  compounds  to  increase  transfection  capability  of  PEI 
and,  here,  they  found  that  the  polymer  in  the  presence  of 
chloroquine  (an  agent  to  aid  endosomolysis)  and  in  conju¬ 
gation  to  melittin  (a  membrane-active  peptide)  significantly 
increased  the  transfection  efficiency.91  With  these  additives, 
transfection  efficiencies  of  52.2%  and  71.6%  were  achieved  in 
HeLa  and  HUVEC  cells,  respectively,  and  were  greater  than 
with  the  cationic  lipid  (DOTAP)  alone.91  The  effect  of  mole¬ 
cular  weight  of  PEI  was  also  investigated  with  the  conclusion 
that  overall  higher  MW  polymers  had  better  endosomolytic 
activity  but  bound  mRNA  too  tightly  for  it  to  be  released.91 
These  studies  and  their  conflicting  results  also  bring  forward 
the  important  note  that  the  efficacy  and  utility  of  a  polymer 
candidate  can  be  markedly  improved  through  the  use  of  addi¬ 
tives  and  tuning  of  the  MW  and  size  of  the  particle. 

The  effect  of  PEGylation  on  the  polymer-mRNA  binding 
efficacy  and  mRNA  transfection  abilities  was  also  investigated. 
It  was  demonstrated  that  adding  PEG  side  chains  to  poly (N,N- 
diethylaminoethyl  methacrylate)  (P(DMAEMA))  (Fig.  4e) 
increased  its  ability  to  complex  mRNA  and  tendency  to  form 
monodispersed  particles,  as  compared  to  their  unmodified 
variants  as  well  as  linear  PEI  (used  as  a  positive  control).70 
Nonetheless,  linear  PEI  displayed  the  highest  mRNA  trans¬ 
fection  capabilities  and  the  PEGylated  mRNA  nanoparticle  exhibi¬ 
ted  significantly  higher  transfection  capability  over  its  non- 
PEGylated  counterpart.70  Moreover,  through  testing  with  an 
influenza-peptide  7  (an  endolysosomal  release  peptide),  it  was 
found  that  the  PEGylated  copolymer  further  supported  the 
endosomal  release  of  their  mRNA  payload  and  improved  trans¬ 
fection  efficiency,70  suggesting  further  investigation  into  this 
polymer  chemistry  may  be  fruitful. 

With  rapid  advances  in  polymer  chemistry,  a  vast  variety  of 
other  cationic  polymers  have  been  synthesized  and  applied  to 
mRNA  delivery.  Recently  a  novel  triblock  polymer  has  been 
developed  (Fig.  4f)  using:  (i)  diethylaminoethyl  methacrylate 
(DMAEMA)  to  promote  mRNA  condensation,  (ii)  poly(ethylene 
glycol)  methyl  ether  methacrylate  (PEGMA)  to  enhance  stabi¬ 
lity  and  biocompatibility  and  (iii)  a  copolymer  of  diethyl¬ 
aminoethyl  methacrylate  (DEAEMA)  and  butyl  methacrylate 
(BMA)  to  facilitate  cytosolic  entry.28  The  triblock  polymer 
nanoparticles  were  ranging  in  size  from  86  to  216  nm  after 
complexation  with  mRNA  and  achieved  transfection  efficiency 
of  up  to  77%  in  RAW264.7  macrophage  cells  and  50%  in 
DC2.4  dendritic  cells,  compared  with  approximately  30%  in 
both  cell  lines  while  commercial  transfection  agent  Lipofect- 
amine  2000  was  used.28  A  further  study  was  performed  using  a 
number  of  differing  formulations  made  of  the  similar  three 
polymers  and  found  that  the  optimal  arrangement  was 
DMAEMA-PEGMA-DEAEMA-co-BMA,  which  provided  an  ideal 


balance  between  stability  and  charge  shielding.28  With  this 
arrangement,  the  copolymers  showed  decreased  cytotoxicity 
in  vitro  with  the  decreasing  of  molecular  weights  for  the 
second  (PEGMA)  block.28 

The  use  of  polymeric  nanoparticles  for  mRNA  delivery  is 
still  in  its  infancy  but  has  shown  great  potential.  The  field  of 
polymeric  mRNA  delivery  began  with  the  use  of  diethyl- 
aminoethyl-dextran30  and  has  now  evolved  to  rival  the  abilities 
of  many  well-established  lipid  systems.  Various  novel  poly¬ 
meric  carriers  as  mRNA  delivery  systems  are  summarized  in 
Table  2.  The  future  of  this  field  largely  depends  on  the  further 
discovery  and  optimization  of  more  efficient  polymers  to 
improve  mRNA  transfection  efficiency,  as  well  as  safety  and 
biocompatibility. 

Lipid-polymer  hybrid  nanoparticles 

The  lipid-polymer  hybrid  nanoparticle  platform  has  several 
potential  advantages  when  compared  with  either  lipid-  or 
polymer-based  nanoparticles  for  the  delivery  of  therapeutic 
compounds  including  small  molecules,  peptides,  proteins 
and  oligonucleotides,  and  has  gained  significant  attention 
in  last  decade.94-98  Structurally,  the  core  of  the  nanoparticle 
is  made  up  of  a  polymeric  material  coated  with  lipids  and / 
or  lipid-PEGs  which  can  enhance  the  nanoparticle  stability 
and  pharmacokinetics,  and  confer  surface  tunable 
properties.94,99-101  Alternatively,  the  properties  of  the  core 
can  be  tuned  in  order  to  respond  to  external  stimuli  which 
can  help  to  facilitate  endosomal  escape.71,102,103  We  have 
also  recently  reported  the  development  of  several  such 
systems  which  exhibited  sustained  delivery  of  siRNA  and 
enhanced  gene  silencing.104,105  Lipid-polymer  hybrid  nano¬ 
particle  systems  have  also  been  employed  as  delivery  vehicles 
for  mRNA.71,72,102 

There  are  two  structural  strategies  which  have  been 
employed  to  design  lipid-polymer  hybrid  nanoparticles  for 
mRNA  delivery.  In  the  first  method,  negatively  charged  mRNA 
is  complexed  with  the  cationic  polymer  and  then  the  surface 
can  be  decorated  with  lipids  or  lipid-PEG  conjugates  (Fig.  3e 
(i)). 10,106  In  the  second  method,  mRNA  is  adsorbed  to  the 
surface  of  the  cationic  nanoparticle  core  (Fig.  3e  (ii)).107  Using 
both  methods,  mRNA  delivery  can  be  achieved;  however 
release  profiles  may  vary  and  it  has  been  hypothesized  by  Su 
et  al.102  that  surface  adsorbed  mRNA  has  a  faster  release 
profile.  They  also  showed  that  adsorbed  mRNA  has  increased 
stability  compared  to  naked  mRNA  which  suggests  that  even  if 
the  mRNA  is  on  the  surface  of  nanoparticle,  degradation  can 
still  be  reduced  due  to  the  complexation. 

To  increase  endosomal  mRNA  delivery,  various  pH-respon- 
sive  polymers  have  been  used.  Upon  endocytosis,  changes  in 
pH  cause  a  conformational  change  in  the  polymer  which 
results  in  osmotic  shock  followed  by  endosome  disruption.  For 
example,  a  PEGylated  derivative  of  histidylated  polylysine  and 
L-histidine-(N,N-di-rc-hexadecylamine)ethylamide  liposomes 
(termed  as  ‘histidylated  lipopolyplexes’)  was  prepared  to  for 
mRNA-based  cancer  vaccine  in  which  polylysine  was  used  to 
complex  mRNA,  and  histidylation  contributed  in  charge 
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switching  at  endosomal  pH  condition  due  to  the  imidazole 
group  with  pi  of  6.  Additionally,  they  found  that  mannosyla- 
tion  of  this  delivery  system  significantly  enabled  targeted 
mRNA  delivery  to  dendritic  cells  through  interaction  with  the 
mannose  receptor.71  The  PEGylated  histidylated  mRNA  lipo- 
polyplexes  were  also  efficient  in  inducing  an  anti-B16  specific 
cellular  immune  response  and  conferring  protection  against 
B16F10  melanoma  in  mice.72  In  another  report,  poly-p-amino 
ester  (PBAE),  developed  by  Su  et  al. ,  also  used  pH-responsive- 
ness  to  disrupt  endosomal  membrane.106  The  PBAE  polymer 
was  coated  with  lipids  containing  DOTAP  which  was  used  to 
adsorb  mRNA  on  the  particle  as  described  earlier.  Both  of  the 
pH-responsive  systems  have  great  potential  for  developing  an 
effective  delivery  system  for  mRNA.102 

A  summary  of  the  advances  on  lipid-polymer  hybrid  nano¬ 
particles  is  presented  in  Table  2.  As  of  now  it  is  difficult  to  pos¬ 
tulate  which  is  the  most  efficient  method  for  mRNA  delivery 
since  there  is  a  lack  of  sufficient  studies  to  compare  different 
mRNA  delivery  systems  and  determine  the  optimum  one.  Evi¬ 
dently,  there  is  a  compelling  need  to  investigate  various  deliv¬ 
ery  options  and  establish  quick  optimization  methods  to 
screen  a  large  number  of  mRNA  delivery  systems  at  once.  This 
would  accelerate  the  developmental  progress  of  this  highly 
promising  biomedical  research  field. 

Gold  nanoparticles 

Another  type  of  nanoparticle  delivery  system  for  mRNA  delivery 
is  gold  nanoparticle-DNA  oligonucleotide  (AuNP-DNA)  conju¬ 
gates  (Fig.  3f).29  This  novel  system  has  demonstrated  signifi¬ 
cant  transfection  activity  in  HeLa  (cervical  carcinoma)  and 
HepG2  (hepatocyte  carcinoma)  cells  (detected  using  confocal 
fluorescent  microscopy).  The  nanoparticles  were  tested  in  vivo 
using  direct  injection  into  xenograft  tumors  and  the  results 
showed  that  the  AuNP-DNA-mRNA  nanoparticles  were  able  to 
induce  the  production  of  biologically  functionalized  Bcl-2- 
associated  X  (BAX)  protein,29  suggesting  a  promising  start  for 
this  unique  mRNA  nanoparticle  formulation.  While  gold  nano¬ 
particles  have  not  been  extensively  studied  for  mRNA  delivery, 
their  promising  results  with  other  nucleic  acids  (e.g.,  siRNA 
and  DNA)  indicate  that  they  have  significant  potential  for  the 
delivery  of  mRNA. 

Indeed,  the  gold  nanoparticle-oligonucleotide  system  has 
been  more  widely  studied  with  DNA  and  siRNA.108-110  This 
system  has  demonstrated  significant  cellular  uptake  in  a 
number  of  cell  lines.109,111-113  Recently,  the  mechanism 
behind  the  uptake  of  gold  oligonucleotide  particles  was 
further  elucidated.  It  has  been  shown  that  their  uptake  is 
highest  in  serum-free  conditions  and  the  membrane  proteins 
responsible  for  the  uptake  of  these  particles  are  the  scavenger 
receptors.111  Other  delivery  systems  based  upon  gold  nano¬ 
particles  include  gold  nanoparticles  passivated  with  BSA-SV40 
large  T  antigen  conjugates,114  layer-by-layer  gold  nanoparticles 
with  polymers  for  the  delivery  of  siRNA115,116  and  plasmid 
DNA  delivery  using  carbon  dot-gold  nanoparticles  conjugated 
with  PEI.117  These  exciting  techniques  and  technologies  all 
may  have  the  potential  to  be  applied  to  mRNA  delivery, 


demonstrating  that  the  field  of  gold  nanoparticle-mediated 
mRNA  transport  is  rich  with  new  possibilities. 

Conclusion 

mRNA-based  vaccine  and  gene  therapy  technologies  are  inno¬ 
vative,  promising  and  rapidly  emerging  strategies  in  bio¬ 
medical  research  for  the  purpose  of  treating  acquired  and 
congenital  diseases.  Although  naked  mRNA  has  prospective 
clinical  efficacy,  this  field  faces  various  challenges  such  as 
the  delivery  issues,  targeting  administration  and  short-term 
gene  expression,  all  of  which  are  critical  drawbacks  and 
could  be  the  major  limitations  to  translate  this  field  to  wide¬ 
spread  clinical  application.  The  rapid  advancements  in  bio¬ 
materials  and  nanotechnology  could  significantly  help 
overcome  these  obstacles.  This  review  has  receptively  pre¬ 
sented  the  progress  of  cutting-edge  biomaterials  and  nano¬ 
technology  platforms  to  improve  the  efficacy  of  mRNA 
delivery.  While  further  improvements  are  necessary,  it  is 
encouraging  to  see  that  some  of  the  mRNA-based  treatment 
strategies24,26,118  have  already  reached  into  the  clinical  trials 
stage  within  a  short  phase  of  their  development.  More  efforts 
are  still  required  to  find  novel  biomaterials/nanoparticles  and 
optimized  formulations  which  can  provide  high  transfection 
activity  and  biocompatibility  with  minimal  carrier-specific 
toxicity/immunostimulation,  high  selectivity  and  specificity, 
and  effective  systemic  in  vivo  delivery  and  prolonged  protein 
expression  (particularly  for  gene  therapy).  With  the  advance¬ 
ment  and  proper  design  of  biomaterials,  it  is  expected  that 
mRNA  technology  will  be  of  high  interest  in  clinical  appli¬ 
cations  for  years  to  come. 
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Abstract 

Prohibitin  1  (PHB1)  is  a  member  of  a  highly  conserved  eukaryotic  protein  family 
containing  the  stomatin/prohibitin/flotillin/HfIK/C  (SPFH)  domain.  PHB1  has  been 
functionally  linked  to  diverse  cellular  processes,  including  cell-cycle  progression, 
apoptosis,  mitochondrial  biogenesis  and  tumor  chemoresistance.  To  better  understand 
the  role  of  PHB1 ,  we  performed  proteomic  experiments  to  identify  the  PHB1 
interactome.  We  here  report  that  the  X-linked  inhibitor  of  apoptosis  protein  (XIAP)  is  a 
novel  PHB1 -interacting  protein.  The  interaction  was  confirmed  by  GST  pull-down  assay, 
showing  a  direct  interaction  between  the  two  proteins.  This  interaction  is  functionally 
significant,  as  silencing  PHB1  decreases  XIAP  stability,  resulting  in  consequent 
elevation  of  apoptotic  pathway  members,  including  active  caspase-3  and  cleaved  poly 
ADP  ribose  polymerase  (PARP).  Using  deletion  constructs  of  XIAP,  we  showed  that 
PHB1  binds  principally  to  the  BIR3  domain  of  XIAP.  These  results  suggest  that  the 
natural  interaction  of  PHB1  and  XIAP  represents  a  novel  mechanism  for  the  regulation 
of  apoptosis  and  may  influence  tumor  expansion  and  response  to  chemotherapeutic 
agents. 
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Dear  Editor, 

Prohibitin  1  (PHB1)  was  identified  previously  as  a  protein  that  is  both  upregulated  and 
translocated  to  the  plasma  membrane  in  taxane-resistant  cancer  cells.  We  found  that 
PHB1  silencing  resensitized  taxane-resistant  cells  to  apoptosis  and  paclitaxel  treatment 
both  in  vitro  and  in  vivo  (Patel  et  al.,  2010).  In  line  with  our  findings,  overexpression  of 
PHB1  has  been  shown  to  markedly  attenuate  ceramide,  staurosporine  (STS), 
camptothecin  and  serum  withdrawal-induced  apoptosis  via  the  intrinsic  apoptotic 
pathway.  In  complementary  studies,  PHB1  silencing  sensitized  several  cancer  cell  types 
to  stress-  or  drug-induced  apoptosis  (Peng  et  al.,  2015).  Despite  these  advances,  the 
mechanism  whereby  PHB1  regulates  apoptosis  and  chemoresistance  remains  unclear. 
In  this  letter,  we  identify  XIAP  as  a  novel  binding  partner  of  PHB1  based  on 
immunoprecipitation  followed  by  mass  spectrometry  (IP-MS).  This  interaction  is 
functionally  relevant  and  can  modulate  the  apoptotic  process  and  influence  tumor 
response  to  chemotherapeutic  agents. 

The  identity  of  potential  PHB1 -interacting  proteins  was  revealed  by  IP-MS-based 
proteomic  analysis  (Sowa  et  al.,  2009).  We  found  that  PHB1-HA  was  predominantly,  but 
not  solely,  expressed  in  mitochondria,  consistent  with  previous  findings  (Figure  SI  A). 
The  PHB1  interaction  network  determined  by  our  experiments  (Figure  SIB)  includes 
several  known  PHBI-binding  proteins,  such  as  PFIB2  and  RAF1  (Peng  et  al.,  2015), 
providing  internal  validation  of  the  approach.  The  screen  further  identified  several  novel 
PFIB1 -interacting  proteins,  including  the  serine  beta-lactamase-like  protein  LACTB,  the 
mitochondrial  carbamoyl  phosphate  synthase  1  (CPS1),  the  mitochondrial  ras  family 
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GTPases  Rho  T1  and  T2  and  the  apoptosis  inhibitor  XIAP.  These  proteins  participate  in 
cellular  functions  consistent  with  previously  known  roles  of  PHB1,  including  apoptosis, 
mitochondrial  homeostasis,  the  unfolded  protein  response  and  signal  transduction 
(Thuaud  et  al.,  2013).  The  new  identification  of  XIAP,  a  well-characterized  anti¬ 
apoptosis  factor  (Eckelman  et  al.,  2006),  as  a  PHB1  interactor  offers  the  possibility  that 
this  interaction  may  mediate  the  known  effects  of  PHB1  on  apoptosis  (Patel  et  al., 

2010).  Immunoprecipitation  of  HEK293  cells  with  anti-HA  agarose  validated  the 
intracellular  association  of  PHB1-HA  with  XIAP  (Figure  1  A).  PHB2,  a  known  PHB1 
binding  partner,  also  was  found  in  the  immunoprecipitates.  More  importantly,  our  results 
demonstrated  that  XIAP  interacts  with  endogenous  PHB1  in  both  Mes-Sa  uterine 
sarcoma  cells  (Figure  IB)  as  well  as  OVCAR5  ovarian  cancer  cells  (Figure  SIC).  GST 
pull-down  assays  further  revealed  an  interaction  between  6XHis-XIAP  and  GST-PFIB1 
in  vitro  (Figure  1C).  Together,  these  results  demonstrate  that  PHB1  binds  directly  to 
XIAP,  both  in  vivo  and  in  vitro. 

XIAP  contains  three  BIR  domains.  BIR1  directly  interacts  with  TAB1  to  induce  NF- 
kappaB  activation  (Lu  et  al.,  2007).  BIR2  mediates  binding  of  XIAP  to  downstream 
effector  caspases  (caspases-3  and  -7),  whereas  BIR3  binds  to  an  upstream  initiator 
caspase  (caspase-9).  BIR3  also  mediates  binding  to  functional  XIAP  antagonists  such 
as  DIABLO,  ARTS  and  HtrA2/Omi  (Eckelman  et  al.,  2006).  Co-immunoprecipitation 
(Co-IP)  assays  with  His-V5-tagged  PHB1  and  multiple  HA-tagged  XIAP  expression 
constructs,  including  full-length  XIAP,  XIAPABIR,  XIAP  BIR1-2  and  XIAP  BIR2-3, 
revealed  that  PHB1  binds  to  full-length  XIAP  as  well  as  to  the  XIAP  BIR2-3  domain 
(Figure  SID).  Examination  of  HA-tagged  PHB1  binding  to  additional  GST-tagged  XIAP 
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expression  constructs,  including  full-length  XIAP,  XIAP  BIR1,  BIR2  and  BIR3  showed 
that  PHB1  binds  principally  to  the  BIR3  domain  of  XIAP  (Figure  1 D),  along  with  weak 
binding  to  the  XIAP  BIR2  domain.  We  conclude  that  the  principal  PHB1  interaction  site 
on  XIAP  resides  within  the  BIR3  domain. 

PHB1  is  present  in  multiple  compartments  of  the  cell,  principally  in  the  mitochondria,  but 
also  in  the  cytosol,  nucleus  and  plasma  membrane  (Thuaud  et  al.,  2013).  To  determine 
in  which  regions  PHB1  and  XIAP  co-localize,  we  performed  immunofluorescence 
double-labeling  of  cells  with  anti-PHBI  and  anti-XlAP  antibodies.  In  both  Mes-Sa  and 
OVCAR5  cells,  XIAP  was  localized  primarily  to  the  cytoplasm,  and  PHB1  was  detected 
predominantly  in  the  mitochondria,  although  some  cytoplasmic  staining  was  apparent 
(Figure  S2A).  Moreover,  when  cells  were  treated  with  paclitaxel  to  induce  apoptosis, 
cytoplasmic  PHB1  staining  increased  and  showed  co-localization  with  cytoplasmic  XIAP 
(Figure  IE,  Figure  S2B).  Subcellular  fractionation  followed  by  Western  blotting  showed 
that,  after  treatment  with  paclitaxel,  PHB1  levels  were  significantly  elevated,  both  in  the 
mitochondria  and  cytosolic  fraction  (Figure  S2C).  These  results  suggest  that  co¬ 
localization  of  XIAP  with  PHB1  takes  place  predominantly  in  the  cytoplasm. 

To  confirm  the  involvement  of  PHB1  in  apoptosis  in  the  cells  used  in  these  studies,  we 
silenced  PHB1  in  Mes-Sa  cells  using  PHBI-specific  siRNA  followed  by  paclitaxel 
treatment  to  induce  apoptosis.  By  flow  cytometry  analysis  for  Annexin-V,  a  marker  of 
apoptosis,  and  7-AAD,  a  marker  of  necrosis,  we  found  that  PHB1  silencing  sensitized 
cells  to  paclitaxel-induced  apoptosis  (Figure  IF).  The  frequency  of  apoptosis,  as 
demonstrated  by  the  finding  that  the  percentage  of  Annexin-V  positive  cells,  increased 
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markedly  to  55.3%  in  cells  treated  with  siPHBI  relative  to  24.4%  in  the  paclitaxel- 
treated  siControl  cells.  Early-stage  apoptosis,  marked  by  Annexin  V-positive  and  7- 
ADD-negative  cells,  also  increased  from  10.7%  in  controls  to  24.9%  in  the  paclitaxel- 
treated  siPHBI  cells.  Similar  effects  were  observed  when  Mes-Sa  cells  were  treated 
with  staurosporine  (STS),  an  apoptosis  inducer  (Figure  S3A). 

One  possible  mechanism  for  PHBTs  anti-apoptotic  activity  is  through  protection  of  XIAP 
function.  This  could  occur  if,  for  example,  PHB1  competed  with  binding  of  an  XIAP 
antagonist  such  as  DIABLO.  If  this  were  the  case,  PHB1  silencing  should  result  in 
increased  levels  of  the  XIAP-DIABLO  complex.  Our  results,  however,  showed 
decreased  XIAP-DIABLO  interaction  after  PHB1  silencing  (Figure  S4),  suggesting  that 
PHB1  regulates  XIAP  functionality  via  other  mechanisms.  In  this  experiment,  we  noticed 
that  the  levels  of  full-length  XIAP  were  partly  decreased  after  PHB1  silencing, 
suggesting  a  potential  effect  of  PHB1  on  XIAP  cleavage  or  degradation. 

It  was  shown  previously  that  XIAP  cleavage  by  caspases  occurs  at  aspartic  acid-242, 
which  lies  between  the  BIR2  and  BIR3  domains.  The  resulting  BIR1-2  cleavage  product 
is  degraded,  while  the  BIR3-RING  domain  product  acts  as  a  part  of  a  positive  feedback 
loop  to  increase  apoptosis  (Hornle  et  al.,  2011).  We  speculated  that  PHB1  binding  to 
the  XIAP-BIR3  domain  could  interfere  with  caspase-mediated  XIAP  cleavage.  We 
treated  siControl  (siCon)  and  siPHBI  Mes-Sa  cells  with  paclitaxel  to  induce  apoptosis, 
and  measured  the  levels  of  XIAP  and  its  downstream  effectors.  Western  blotting 
showed  that  PHB1  silencing  leads  to  generation  of  a  30KDa  cleaved-XlAP  BIR3-RING 
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domain,  which  resulted  in  enhanced  caspase-3  processing  into  the  catalytically  active 
pi  7  fragment  (cleaved  caspase-3)  and  a  consequent  increase  in  cleaved  PARP  (poly 
ADP  ribose  polymerase),  especially  when  paclitaxel  is  added  (Figure  1G,  left  panel). 

The  red  fluorescent  staining  observed  in  paclitaxel-treated  cells  in  Figure  IE  likely 
represents  both  full-length  and  cleaved  XIAP,  as  both  would  be  recognized  by  antibody 
to  the  XIAP  C-terminus.  Moreover,  caspase-3/7  activity,  as  measured  by  Caspase-Glo 
assay,  revealed  that  PHB1  silencing  led  to  increased  caspase-3/7  activation  following 
paclitaxel  treatment  (Figure  1G,  right  panel)  (*p<0.05;  ***p<0.001).  These  findings  are 
consistent  with  a  role  for  PHB1  as  an  inhibitor  of  apoptosis  and  were  verified  further  in 
multiple  cell  lines  (Figure  S3B-C).  Our  study  shows  that,  in  contrast  to  the  IBM  protein 
family  that  antagonizes  IAP  action,  PHB1  protects  XIAP  function  by  diminishing 
caspase-mediated  XIAP  cleavage.  PHB1  was  previously  described  as  a  chaperone  for 
mitochondrial  proteins.  Our  results  suggest  a  similar  role  for  PHB1  in  protecting 
cytoplasmic  XIAP. 

We  next  investigated  whether  silencing  of  PHB1  and  XIAP  have  similar  functionality. 
PHB1  or  XIAP  were  silenced  in  Mes-Sa  cells,  and  the  cells  were  then  treated  with 
paclitaxel.  Figure  1H  shows  successful  knockdown  by  PHB1  and  XIAP-specific  siRNAs. 
Silencing  either  PHB1  or  XIAP  increased  cell  killing  by  paclitaxel.  Next,  we  investigated 
whether  overexpression  of  XIAP  can  rescue  the  apoptotic  phenotype  caused  by  PHB1 
silencing.  We  found  that  overexpression  of  XIAP  in  PHBI-silenced  cells  partially 
rescued  the  cell  death  caused  by  siPHBI.  In  this  experiment,  PHB1  silencing  resulted  in 
a  significant  reduction  of  His-V5-XIAP  protein  compared  to  siControl-treated  cells 
(Figure  S5A).  The  level  of  His-V5-XIAP  was  restored  in  PHBI-silenced  cells  by 
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treatment  with  the  proteasome  inhibitor  MG132  (Figure  S5B).  Together,  these  results 
further  indicate  that  XIAP  is  protected  from  proteasomal  degradation  in  the  presence  of 
PHB1 . 

The  observation  that  PHB1  silencing  results  in  increased  cell  death  has  potential  clinical 
implications.  PHB1  levels  correlate  with  disease  progression  and  chemoresistance  in 
several  cancer  types,  including  gastric  cancer,  colorectal  cancer,  hepatocellular 
carcinomas,  NSCLC  and  ovarian  cancer  (Kapoor,  2013).  Interestingly,  in  ovarian 
cancer,  Gregory-Bass  showed  a  strong  positive  correlation  between  the  levels  of  PHB1 
and  XIAP,  suggesting  that  PHB1  may  be  coordinately  regulated  and  exert  an  anti- 
apoptotic  effect  in  ovarian  cancer  cells  (Gregory-Bass  et  al.,  2008).  In  this  study,  we 
demonstrated  an  interaction  between  PHB1  and  XIAP  and  suggest  a  novel  mechanism 
for  the  suppression  of  apoptosis  by  PHB1 .  Our  findings  indicate  that  the  PHB1-XIAP 
complex  promotes  an  anti-apoptotic  response  in  cancer  cells  and  reinforces  PHB1  as  a 
therapeutic  target,  as  silencing  of  the  PHB1  gene  expression  increases  the  sensitivity  of 
cancer  cells  to  drug-induced  apoptosis.  The  feasibility  of  targeting  PHB1  as  a 
therapeutic  was  further  demonstrated  by  our  recent  finding  that  the  systemic  delivery  of 
PHBI-siRNA  nanoparticles  could  increase  cisplatin  sensitivity  in  non-small  cell  lung 
cancer  xenografts  in  mice  (Zhu  et  al.,  2015). 
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Figure  legends 

Figure  1:  PHB1  binds  to  XIAP  and  regulates  cell  apoptosis 

(A)  Lysates  of  HEK293  transfected  with  PHB1-HA  were  subjected  to  HA  agarose 
immunoprecipitation  followed  by  Western  blotting. 

(B)  Co-immunoprecipitation  of  endogenous  PHB1  and  XIAP  in  Mes-Sa  cells.  Lysates  of 
Mes-Sa  were  subjected  to  anti-PHBI  IP  followed  by  Western  blotting. 

(C)  In  vitro  GST-pull  down.  Direct  binding  of  PHB1  to  XIAP  is  shown  in  an  in  vitro  assay 
using  GST-PHB1  and  purified  recombinant  His-XIAP  protein.  GST  protein  served  as  a 
negative  control. 

(D)  HEK293  cells  were  transiently  transfected  with  PHB1-HA  along  with  GST-tagged- 
XIAP-full-length  (FL)  and  XIAP  mutation  constructs  (GST-XIAP-BIR1,  GST-XIAP-BIR2 
and  GST-XIAP-BIR3).  IP  with  anti-HA  agarose  or  anti-GST  antibody  followed  by 
agarose,  followed  by  Western  blotting  with  anti-HA  and  anti-GST  antibodies.  Whole-cell 
lysates  (input)  showed  that  all  constructs  were  expressed  in  the  transfected  cells.  * 
heavy  chain;  **  PHB1-HA. 

(E)  Immunofluorescence  of  Mes-Sa  cells  stained  with  anti-PHBI  (green)  and  anti-XlAP 
(red)  antibodies.  The  nucleus  is  stained  with  DAPI  (blue).  Left  panel:  untreated  cells; 
Right  panel:  cells  treated  with  500nM  paclitaxel  for  16  hrs.  Scale  bar,  20um. 

(F)  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBI  for  2  days,  followed  by 
paclitaxel  (250nM)  treatment  for  24  hours.  Results  of  flow  cytometry  analysis  of 
apoptosis  induction  are  presented  in  quadrants. 

(G)  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBI  for  2  days,  followed  by 
paclitaxel  treatment  for  24  hours.  Left  panel:  Western  blotting  of  Mes-Sa  cell  lysates 
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after  treatment  with  250nM  paclitaxel  for  24  hours.  Right  panel:  Caspase  3/7  activity 
after  PHB1  silencing  in  Mes-Sa  cells.  Background  activity  values  were  subtracted  from 
each  sample.  *p< 0.05;  ***p<0.001 .  Error  bars  are  SDs. 

(H)  Mes-Sa  cells  were  transfected  with  siCon,  siPHBI  or  siXlAP  for  2  days,  followed  by 
paclitaxel  treatment  for  24  hours.  Upper  panel:  Western  blotting  assessed  the  efficiency 
of  PHB1  and  XIAP  knockdown.  Lower  panel:  cell  viability  of  siCon,  siPHBI  and  siXIAP- 
transfected  cells  under  paclitaxel  treatment  was  determined  by  CyQUANT  cell  viability 
assay  in  three  independent  experiments;  *p< 0.05;  **p<0.01.  Error  bars  are  SDs. 
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SUPPLEMENTAL  EXPERIMENTAL  PROCEDURES 

Cell  culture 

HEK293  cells  were  maintained  in  Dulbecco's  modified  Eagle's  medium  (DMEM; 
Invitrogen)  supplemented  with  10%  fetal  bovine  serum  (FBS;  Invitrogen),  1%  penicillin- 
streptomycin  (P/S,  Invitrogen).  Mes-Sa  cells  were  maintained  in  McCoy’s  5A  medium 
(ATCC),  10%  FBS,  and  1%  P/S.  Ovarian  cancer  cell  line  OVCAR5  were  maintained  in 
RPMI-1640,  10%  FBS  and  1%  P/S. 

Antibodies  and  chemicals 

Antibodies  used  in  this  work  included  the  following:  anti-caspase-3,  anti-caspase-9,  anti¬ 
cleaved  caspase-3,  anti-cleaved  caspase-9,  anti-DIABLO/Smac,  anti-ubiquitin,  anti- 
CoxlV,  anti-XlAP  (rabbit)  and  anti-PARP  bodies  (Cell  Signaling);  anti-XlAP  antibody 
(mouse,  BD  Transduction  Laboratories);  anti-PHBI  (rabbit,  Cat#  70672,  Abeam),  and 
anti-6XHis  antibodies  (Abeam);  anti-GST  antibody  (Pierce);  Anti-V5  antibody  (Life 
Technologies);  anti-PHBI  (mouse,  #11-14-10)  (Neomarkers);  anti-(3-actin  (Sigma);  anti- 
HA  antibody  (Santa  Cruz  Biotechnology). 

Plasmids  construction  and  transfection 

Sequence-verified  human  PHB  and  XIAP  open  reading  frame  clones  in  pENTR223 
were  recombined  into  the  following  Gateway  destination  vectors:  pHAGE  (MSCV-N- 
Flag-HA-IRES-PURO,  long  terminal  repeat  [LTR]-driven  expression),  His-V5-tagged 
pDEST40  and  His-tagged  bacteria  expression  pET59  using  A  recombinase. 
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Plasmids  to  express  HA-tagged  XIAP  full-length,  BIR1-2,  BIR2-3  and  BIRA  were  gifts 
from  Dr.  Colin  Duckett  (Addgene  plasmids:  #25674,  25690,  25691, 25686)  (Lewis  et  al., 
2004).  For  BIR  GST  fusions,  the  primer  pairs  used  were  BIRI-attBI:  GGGG-ACA-AGT- 
TT  G-T  AC-AAA-AAA-G  CA-G  G  C-TT  C-AT  G-ACTTTT  AACAGTTTT  G  AAG  GAT  C ;  BIR1  - 

attB2:  G  G  G  G-AC-CAC-TTT -GT  A-CAA-G  AA-AG  C-T  G  G-GTC- 

GCTT  CCCAGAT  AGTTTT  CAACTTT  G ;  BIR2-attB1:  GGGG-ACA-AGT -TT  G-T  AC-AAA- 
AAA-G  CA-G  G  C-TT  C-AT  G  -CTG  G  G  AAG  C  AG  AG  AT  C  ATTTT  G  C ;  BIR2-attB2:  GGGG- 
AC-CAC-TTT -GT  A-CAA-G  AA-AGC-T  G  G-GT  C-G  G  AT  GG  ATTT  CTT  G  G  AAG  ATTT  G ; 
BIR3-attB1 :  G  G  G  G-ACA-AGT  -TT  G-T  AC-AAA-AAA-G  CA-G  G  C-TT  C-AT  G- 

T  CC  AT  G  G  C  AG  ATT  ATG  AAG  C  AC ;  BIR3-attB2:  GGGG-AC-CAC-TTT-GTA-CAA-GAA- 
AGC-T G G-GT C-ACACT CCT CAAGT G AAT G AGTT AAAT G ;  BIR23-attB1:  GGGG-ACA- 
AGT-TTG-TAC-AAA-AAA-GCA-GGC-TTC-ATG-GGTGACCAAGTGCAGTGC;  BIR23- 
attB2:  G  G  G  G-AC-CAC-TTT -GT  A-CAA-G  AA-AG  C-T  G  G-GTC- 

ATCACCTTCACCTAAAGCATAAAATC.  PCR  products  were  subcloned  into  pENTR233 
by  BP  reaction  and  then  recombined  into  GST-tagged  pDEST27  destination  vector 
using  A  recombinase. 

For  plasmid  transfection,  the  indicated  quantity  of  DNA  was  transfected  using 
Lipofectamine  2000  (Life  Technologies)  for  FIEK293  cells  according  to  the 
manufacturer’s  specifications.  Transfected  cells  were  harvested  48h  post-transfection 
for  further  analysis. 

siRNA  transfection 
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Synthetic  siRNA  and  control  siRNA  were  purchased  from  Dharmacon.  The  target 
sequences  for  PHB1  and  XIAP  were  siPHB:  5’-GCG  ACG  ACC  UUA  CAG  AGC  GUU-3’ 
(Patel  et  al„  2010);  siXlAP:  GAG  UGG  UAG  UCC  UGU  UUC  AGC  UU  (Burstein  et  al„ 
2004).  For  small  interfering  RNA  (siRNA)  transfection,  50  nM  siRNA  was  transfected 
using  siLentFect  (Bio-Rad),  according  to  the  manufacturer's  specifications.  After  24h, 
the  medium  was  exchanged  and,  at  72h,  the  cells  were  harvested  for 
immunoprecipitation  or  Western  blotting  or  further  treated  as  indicated  for  the  specific 
experiments. 

Cell  viability  assay 

Cell  growth  inhibition  was  determined  by  CyQUANT  assay  in  96-well  plates.  First,  3,000 
cells  per  well  per  100  pL  were  seeded  in  96-well  plates.  On  the  next  day,  100  pL 
working  stock  of  drug  solution  of  paclitaxel  at  2*  final  concentration  was  added  to  the 
cell  suspension.  After  72h  drug  incubation,  the  culture  media  were  removed  and  plates 
were  kept  at  -80°C  for  more  than  24h.  Cell  numbers  were  assayed  using  CyQUANT  kit 
(Life  Technologies)  as  per  the  manufacturer’s  instructions.  Fluorescence  measurements 
were  made  using  a  microplate  reader  with  excitation  at  485  nm  and  emission  detection 
at  530  nm. 

Caspase  activity  assay 

To  assess  caspase-3/7  activity,  cells  were  seeded  in  96-well  plates  at  a  density  of  5,000 
cells/well  in  triplicate  and  treated  for  24h  with  paclitaxel  48h  post-seeding  or  post¬ 
transfection  with  siRNA.  Activity  was  measured  using  the  Promega  assay  per  the 
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manufacturer’s  instructions  and  presented  as  fold-increase  relative  to  the  respective 
untreated  controls. 

Flow  cytometry  analysis 

Cells  were  seeded  in  6-well  plates,  transfected  with  siPHBI  or  control  siRNA,  and  then 
treated  for  24h  with  250  nM  paclitaxel  48h  post-transfection.  The  supernatant  and  the 
cell  monolayer  were  collected,  washed  with  PBS  and  processed  for  detection  of 
apoptotic  cells  using  the  Annexin  V-PE/7AAD  apoptosis  detection  kit  (BD  Biosciences), 
according  to  the  manufacturer’s  instructions. 

Immunoprecipitation  and  proteomic  analysis 

HEK293  cells  were  transfected  with  a  pHAGE  lentiviral  vector  (Murphy  et  al.,  2006), 
containing  open  reading  frame  of  PHB1  and  a  C-terminal  HA-Flag  tag.  After  48h  of 
transfection,  4-  by  15-cm  plates  of  approximately  80  to  90%  confluent  cells  were 
washed  once  with  ice-cold  phosphate-buffered  saline  (PBS)  and  then  harvested  in  NP- 
40  lysis  buffer  (50  mM  Tris-HCI  [pH  7.5],  0.5%  NP-40  substitute,  150  mM  NaCI,  12.5 
mM  NaF)  supplemented  with  Complete  Mini  EDTA-free  protease  inhibitor  tablets 
(Roche).  Extracts  were  sonicated  at  35%  intensity  for  8s  with  a  Bronson  digital  sonifier 
and  were  clarified  for  20  min  at  14,000  rpm,  and  the  soluble  fraction  was  incubated  with 
anti-HA-agarose  beads  (Sigma)  overnight  at  4°C.  The  beads  were  washed  five  times 
with  NP-40  lysis  buffer  and  then  eluted  three  times,  for  30m  each  time,  at  room 
temperature  with  500  pg/ml  HA  peptide  (Sigma).  The  eluted  proteins  were  concentrated 
with  trichloroacetic  acid  (TCA;  Sigma),  trypsinized,  loaded  onto  stage  tips  and  analyzed 
by  liquid  chromatography-tandem  mass  spectrometry  (LC-MS/MS)  in  duplicate  runs, 
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according  to  previously  published  protocols  (Sowa  et  al.,  2009).  Peptides  were  identified 
using  Sequest  and  a  target-decoy  strategy  and  were  subsequently  analyzed  using 
CompPASS  (Behrends  et  al.,  2010;  Sowa  et  al.,  2009). 

MS  data  analysis  using  CompPASS 

The  immunoprecipitation  (IP-MS)  data  from  4  biological  repeats  were  analyzed  by 
CompPASS  as  previously  described  (Behrends  et  al.,  2010;  Sowa  et  al.,  2009).  We 
used  a  stats  table  with  172  pulldowns  from  HEK293T  cells  generated  by  the  Harper 
Laboratory  (Department  of  Cell  Biology,  Harvard  Medical  School).  The  total  spectral 
counts  (TSC)  for  each  interactor  were  used  to  generate  raw  statistical  measures,  called 
Z  scores,  for  each  interaction.  The  weighted  D  score  (WD)  score  threshold  was 
calculated  so  that  95%  of  the  data  fell  below  it.  The  normalized  WD  (DN  scores)  score 
results  from  dividing  each  WD  score  by  the  calculated  threshold.  A  DN  score  >1  and  a  Z 
score  >4  are  thresholds  above  which  a  protein  is  considered  to  be  a  high-confidence 
candidate  interactor  protein  (HCIP). 

Western  blot 

Protein  extracts  were  prepared  using  the  lysis  buffer  described  above.  Equal  amounts 
of  protein,  as  determined  with  a  bicinchoninic  acid  (BCA)  protein  assay  kit 
(Pierce/Thermo  Scientific)  used  according  to  the  manufacturer's  instructions,  were 
separated  by  SDS-PAGE.  Immunoprecipitations  from  HEK293  cells  analyzed  by 
Western  blotting  were  prepared  using  the  same  protocol  used  for  pulldowns  for  MS,  but 
the  proteins  were  eluted  from  the  agarose  beads  by  boiling  in  loading  buffer.  One-fourth 
of  the  immunoprecipitated  material  was  used  for  each  analysis.  The  proteins  were 
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resolved  on  SDS-PAGE  gels  and  transferred  to  nitrocellulose  membranes.  The  blots 
were  blocked  with  5%  nonfat  dry  milk  in  TBST  (50  mM  Tris-HCI,  pH  7.4  and  150  mM 
NaCI,  and  0.1%  Tween  20)  and  then  incubated  with  appropriate  primary  antibodies. 
Signals  were  detected  with  horseradish  peroxidase-conjugated  secondary  antibodies 
and  enhanced  chemiluminescence  (ECL)  detection  system  (Amersham/GE  Healthcare). 
When  indicated,  membranes  were  subsequently  stripped  for  reprobing.  Immunoblots 
were  quantified  by  using  ImageJ  software  (National  Institutes  of  Health). 

In  vitro  GST  pull-down  assay 

Recombinant  6XHis-XIAP  protein  was  purified  using  pET59-XIAP  from  bacteria  and 
incubated  overnight  at  4°C  with  5ug  recombinant  GST-PHB  (Abnova)  or  GST  bound  to 
glutathione-sepharose  4B  beads  (GE  Pharmacia).  Samples  were  centrifuged  at  2,000 
rpm  at  4°C  for  5  min  and  washed  5  times  with  TEN  100  buffer  (20mM  Tris,  PH  7.4, 

0.1  mM  EDTA,  lOOmM  NaCI).  SDS-PAGE  analysis  and  Western  blotting  was  performed 
on  the  eluted  proteins  as  described  above. 

Immunofluorescent  staining  and  microscopy 

For  immunofluorescent  staining,  cells  were  plated  onto  coverslips  in  6-well  plates  and 
grown  overnight.  Cells  were  washed  with  ice-cold  PBS  and  fixed  with  4% 
paraformaldehyde  (PFA,  Electron  Microscopy  Sciences)  in  PBS  for  20  min  at  room 
temperature  (RT).  Cells  were  then  permeabilized  by  incubation  in  0.2%  Triton  X-100- 
PBS  for  8  min  on  ice.  Next,  cells  were  blocked  with  PBS  blocking  buffer  containing  2% 
normal  goat  serum,  2%  BSA  and  0.2%  gelatin  for  1h  at  RT.  Cells  were  incubated  in 
appropriated  diluted  primary  antibody  (1:200  anti-PHB  rabbit  antibody;  1:100  anti-XlAP 
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mouse  antibody)  for  1h  at  RT,  washed  with  PBS  and  incubated  in  goat-anti-mouse- 
Alexa  Fluor  568  and  goat-anti-rabbit-Alexa  Fluor  488  (Molecular  Probes)  at  1:500 
dilution  in  blocking  buffer  for  30  min  at  RT.  Finally,  stained  cells  were  washed  with  PBS, 
counterstained  with  500  nM  DAPI  and  mounted  on  slides  with  Prolong  Gold  antifade 
mounting  media  (Life  Technologies). 

For  mitochondrial  staining,  MitoTracker  Green  was  added  30  min  before  fixation, 
according  to  the  manufacturer's  instructions  (Molecular  Probes).  All  fluorescence 
images  were  visualized  and  captured  using  an  inverted  Leica  DM-IRE2  microscope 
(Leica  Microsystems).  Acquisition  parameters  were  adjusted  to  exclude  saturation  of  the 
pixels.  For  quantification,  such  parameters  were  kept  constant  across  the  various 
conditions. 

Statistical  Analysis 

All  results  in  the  text  and  figures  are  presented  as  means  ±  SD.  Statistical  significance 
of  the  results  was  determined  using  the  Student's  Mest.  P<  0.05  is  considered 
significant. 
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SUPPLEMENTAL  FIGURE  LEGENDS 

Supplemental  Figure  1:  Identification  of  XIAP  as  a  novel  PHB-interacting  protein 
A:  Left  panel:  Lysates  of  PHBI-HA-expressing  HEK293  cells  were  subjected  to  Western 
blotting  using  PHB1  antibody.  Right  panel:  Immunofluorescence  assay  of  HEK293T 
cells  with  anti-HA  (red)  and  anti-COXIV  (green)  antibodies.  The  nucleus  is  stained  with 
DAPI  (blue).  Scale  bar,  20um. 

B:  IP-MS-CompPASS  of  PHB1-HA  in  HEK293  cells.  Lysates  of  PHB-HA-expressing 
cells  were  immunoprecipitated  with  HA  resin.  Bait  complexes  were  analyzed  by  LC 
MS/MS.  Analysis  was  performed  in  Comp  PASS  against  dedicated  HEK293  IP-MS 
databases.  High-confidence  interacting  proteins  had  normalized  weighted  D  (DN  scores) 
>1  and  Z-scores  of  >4. 

C:  Endogenous  co-immunoprecipitation  of  PHB1  and  XIAP.  Lysates  of  OVCAR5  were 
subjected  to  anti-PHB  IP  followed  by  Western  blotting. 

D:  HEK293  cells  were  transiently  transfected  with  the  His-V5-PHB1  construct  along  with 
HA-tagged-XIAP-full-length  (FL)  and  XIAP  mutation  constructs.  The  following  constructs 
were  used:  HA-XIAP-FL,  HA-XIAP-BIRA,  HA-XIAP-BIR1-2  and  HA-XIAP-BIR2-3. 
Immunoprecipitation  assays  with  anti-V5  agarose  or  anti-HA  agarose  were  carried  out, 
followed  by  Western  blotting  with  anti-HA  and  anti-V5  antibodies.  Whole-cell  lysates 
(input)  showed  that  all  constructs  were  expressed  in  the  transfected  cells. 

Supplemental  Figure  2:  Subcellular  localization  of  PHB1  and  XIAP 
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A:  Mitochondrial  localization  of  PHB1.  Mes-Sa  cells  were  incubated  with  MitoTracker 
Green  200nM  for  45  min,  followed  by  immunofluorescence  assay  with  anti-PHBI  (red) 
antibody.  Nuclei  are  stained  with  DAPI  (blue).  Scale  bar,  20um. 

B:  Immunofluorescence  assay  of  OVCAR5  cells  with  anti-PHBI  (green)  and  anti-XlAP 
(red)  antibodies.  The  nucleus  is  stained  with  DAPI  (blue).  The  cells  were  treated  with 
250nM  of  paclitaxel  for  16h  (right  panel)  as  compared  to  non-treated  cells  (left  panel). 
In  non-treated  cells,  PHB1  was  primarily  localized  to  mitochondria,  whereas  XIAP 
staining  was  diffused  cytoplasmic.  After  paclitaxel  treatment,  co-localization  of  PHB1 
and  XIAP  occurred  principally  in  the  cytoplasm,  as  shown  in  yellow  in  the  merged 
image.  Scale  bar,  20um. 

C:  Mes-Sa  cells  were  treated  with  vehicle  or  with  500nM  paclitaxel  followed  by 
subcellular  fractionation.  An  antibody  against  the  cytochrome  C  oxidase  subunit  IV 
(COX  IV)  was  used  as  a  mitochondrial  marker,  and  (3-actin  was  used  as  a  cytosolic 
marker. 

Supplemental  Figure  3:  PHB1  silencing  stimulates  apoptosis 

A:  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBI  for  2  days  followed  by 
staurosporine  (STS)  treatment  for  4h.  Results  of  the  apoptosis  assay  on  Mes-Sa  are 
presented  in  quadrants,  as  analyzed  by  flow  cytometry.  The  x-axis  represents  the  PE- 
conjugated  Annexin  V.  The  y-axis  represents  7-AAD.  Representative  dot  plots  of  siCon 
untreated  cells  (top  left),  siCon  STS  treated  (top  right),  siPHBI  untreated  cells  (bottom 
left)  and  siPHB  STS  treated  (bottom  right).  Living  cells  accumulate  in  Q4  (PE  Annexin  V 
and  7-AAD  negative),  while  cells  undergoing  apoptosis  accumulate  in  Q3  (PE  Annexin 
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V  positive  and  7-AAD  negative)  and  cells  in  end-stage  apoptosis  or  dead  cells 
accumulate  in  Q2  (PE  Annexin  V  and  7-AAD  positive). 

B:  Mes-Sa  cells  were  transfected  with  siCon  or  siPHBI  for  2  days  followed  by 
Etoposide  treatment  for  24h  and  subjected  to  Western  blotting.  Apoptosis  was  assessed 
by  PARP  cleavage.  GAPDH  was  used  as  a  loading  control.  Right  panel  shows 
quantification  of  cleaved  XIAP  and  cleaved  PARP  levels. 

C:  OVCAR5  cells  were  transfected  with  siCon  or  siPHBI  for  2  days  followed  by 
paclitaxel  treatment  for  24h,  and  subjected  to  Western  blotting.  Apoptosis  was  assessed 
by  activation  of  caspase  3  and  PARP  cleavage.  (3-actin  was  used  as  a  loading  control. 

Supplemental  Figure  4:  Silencing  of  PHB1  decreases  interaction  of  XIAP  with  DIABLO 
OVCAR5  cells  were  transfected  with  siCon  or  siPHBI  for  2  days  followed  by  paclitaxel 
treatment  for  24h.  Immunoprecipitation  assays  with  anti-DIABLO  antibody  and  agarose 
beads,  followed  by  Western  blotting  of  DIABLO  and  XIAP  antibodies.  Whole-cell  lysates 
(input)  showed  levels  of  PHB,  XIAP  and  DIABLO. 

Supplemental  Figure  5:  Overexpression  of  XIAP  in  PHBI-silenced  cells 
A:  HEK293  cells  were  transfected  with  siCon,  siCon+His-V5-XIAP,  siPHBI,  or 
siPHBI +His-V5-XIAP  for  2  days,  followed  by  paclitaxel  treatment.  Left  panel:  cell 
viability  was  measured  3  days  after  treatment  using  CyQUANT  assay.  *p< 0.05; 

**p<0.01.  Error  bars  are  SDs.  Right  panel:  lysates  of  His-V5-XIAP-transfected  cells 
were  subjected  to  Western  blotting. 
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B:  In  HEK293  cells,  His-V5-XIAP  was  co-transfected  with  siCon  or  siPHBI  for  2  days, 
followed  by  MG132  (IOuM)  treatment  for  4  hours  or  24  hours.  Cell  lysates  were 
subjected  to  Western  blotting. 
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